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Energy consumption is one of the major concerns in the current environment, not
only because of the limited availability of non-renewable fuels, but also due to the high
cost and the pollution generated by energy production. Among the industries, the
chemical industry is one of the highest energy consumers because of the nature of its
processes. This thesis analyzes the energy consumption in the chemical industry and
provides recommendations to increase the energy efficiency of the critical systems
utilized in this industry. Different methods to reduce the energy losses during generation
and transmission, the use of waste heat for improving energy efficiency, and several
analysis tools to help in evaluating the potential energy and cost savings for each facility
are also discussed in this thesis. Several case studies are reviewed to demonstrate the
effectiveness of the energy savings recommendations and tools presented in this
investigation.
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CHAPTER 1
INTRODUCTION

The Chemical Industry is comprised of companies that convert raw materials (oil,
natural gas, air, water, metals, minerals) into different products. They produce a wide
variety of consumer goods and inputs to agricultural, manufacturing, construction, and
service industries. They use about 26% of their own output to manufacture other items.
Polymers and plastics comprise about 80% of the chemical industry production
worldwide. The major producers of chemical products are the European Union, the
United States, and Japan. However, this has been changing lately due to changes in
feedstock availability and price, labor cost, energy cost, differential rates of economic
growth and environmental pressures. These issues cover just a few of the many problems
that affect the chemical industry and the way this industry affects the economy, the
market, and the environment.

1.1 Main Problems of the Chemical Industry
Every industry impacts the environment, society and economics in nearly every
area that it operates. Depending on its size and nature, an industry can have positive or
negative effects. Usually the economic effects initially appear beneficial upon first glance
if somebody is profiting, creating a source of employment that benefits the local
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community. However, multiple factors influence the impact of the industry over the
community, the country, and even the world.
The effects on the environment and human health are usually the first problems
noticed when evaluating the impact of an industry. Even if some side effects are justified
and must be accepted to obtain the products that people need for daily life, those effects
must be minimized in order to preserve the environment and the natural resources, as
well as human health.
The chemical industry produces a vast variety of products that make our lives
easier, and some of those products are necessary in order to keep us alive, such as
medicine and other healthcare products. It would be impossible to eliminate the chemical
industry completely for the sole purpose of purging the negative effects that are created
as a result of the industry. However, some effects can be controlled and/or reduced by
investing a reasonable amount of time, money and manpower.
Due to the variety and complexity of the different problems and side effects
produced by this industry, the focus of this research is to analyze the energy issues of the
chemical industry. Some other problems will be identified; however, the final objective
is to justify the influence of energy management over different issues. Some of the
problems of the chemical industry are: the pollution of the environment with harmful
chemical agents that affect human health, high temperature effluents that cause problems
with the ecosystem equilibrium (i.e. greenhouse effect), and waste materials that are
difficult to dispose of. The Code of Federal Regulations (CFR), Title 40: Protection
Environment, establishes guidelines and regulations about waste disposal and effluents
2

control that the different industries must follow (NARA, 2008). Another issue affecting
the Chemical Industry is the high energy consumption required to operate this industry. A
significant amount of energy could be saved by changing the way energy is produced and
transmitted, improving the efficiency of the processes, and reusing some of the effluents
of the process before disposal. Apart from saving money, saving energy reduces the use
of limited resources and helps to reduce pollution derived from burning fossil fuels, high
temperature effluents and waste materials.

1.2 Classification of the Main Problems of the Chemical Industry
The two principal problems identified in the chemical industry are pollution and
energy consumption. Figure 1.1 shows a block diagram of how the chemical industry
problems are classified in this investigation.
This thesis focuses on the energy issues of the chemical industry and
opportunities for improvement of energy consumption. The feedstock used by the
industry is shown as statistic data, but changes on process or specific uses of feedstock
are not discussed. Problems related to pollution are mentioned since the improvement of
energy utilization usually reduces the environmental impact of the effluents, and helps to
save fuel and other resources. However, specific chemical contaminants and chemical
processes or reactions used to reduce pollution are not discussed in this work.

3

Figure 1.1 Classification of the main problems of the Chemical Industry

1.3 Chemical Industry Classification
The Major Chemical Industry classification according to the North American
Industry Classification System (NAICS) is presented in Table 1.1
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Table 1.1 Chemical Industry Classification. [NAICS EIA (2004)]
NAICS Classification

Major Products

325 Chemicals Manufacturing
32511 Petrochemicals

Aliphatic/acyclic organics (ethylene, butylene, organic acids); solvents (alcohols,
ethers, acetone, chlorinated solvents); rubber processors and plasticizers; aromatics
(benzene, aniline, toluene, xylenes)

32512 Industrial Gases

Inorganic and organic gases (acetylene, hydrogen, nitrogen, oxygen)

32513 Synthetic Dyes and Pigments
32518 Other Basic Inorganic Chemicals
325181 Alkalies and Chlorine

Caustic soda (sodium hydroxide), chlorine, soda, ash, potassium and sodium
carbonates

325182 Carbon Black
325188 All Other Basic Inorganic Chemicals

Compounds of aluminum, ammonium, chromium, magnesium, potassium, sodium,
sulfur, and numerous other minerals; inorganic acids

32519 Other Basic Organic Chemicals

325191 Gum and Wood Chemicals

Tall oil, wood distillates, tanning materials, charcoal briquettes, charcoal

325192 Cyclic Crude and Intermediates

Distilling coal tars, cyclic intermediates, i.e. hydrocarbons and organic dyes and
pigments

325193 Ethyl Alcohol

Non-potable ethyl alcohol

325199 All Other Basic Organic Chemicals

Enzyme proteins, fatty acids, plasticizers, silicone, synthetic sweeteners

3252 Resin, Synthetic Rubber, and Artificial
Synthetic Fibers and Filaments

Synthetic resins, plastics, and elastomers (acrylic, polyamide, vinyl, polystyrene,
polyester, nylon, polyethylene), vulcanizable rubbers (acrylic, butadiene, neoprene,
silicone)

3253 Pesticide, Fertilizer, and Other
Agricultural Chemicals

Ammonia fertilizer compounds, anhydrous ammonia, nitric acid, urea, phosphatic
fertilizers and materials, natural organic fertilizers

3254 Pharmaceutical and Medicines

Biological and medicinal products

3255 Paints, Coatings, and Adhesives

3256 Soaps, Cleaning Compounds, and Toilet
Preparations
3259 Other Chemical Products and
Preparations

Printing and writing inks; explosives; photographic film, paper, plates and
chemicals; antifreeze; lighter fluids; matches; pyrotechnics; sugar substitutes;
swimming pool chemicals
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1.4 Objectives
The principal objective of this investigation is to find and analyze the main energy
related problems of the chemical industry, and to propose solutions that can be
implemented during the design phase, or as a corrective measure. To achieve this
objective the following steps will be followed:



Perform a literature review to classify the main problems of the chemical industry



Classify the main problems of the chemical industry



Analyze the energy consumption in the chemical industry



Classify and analyze the main energy losses in the Chemical Industry



Determine different opportunities of improvement and energy savings in the
chemical industry



Determine the different available analysis tools and methodologies.



Analyze some case studies
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CHAPTER 2
ENERGY CONSUMPTION IN THE CHEMICAL INDUSTRY

This chapter presents an analysis of the energy consumption in the chemical
industry. Figures 2.1 through 2.6 present information related to the energy consumption
according to the Manufacturing Energy Consumption Survey 1998, carried out by the US
Department of Energy. The main sources of energy used in the chemical industry are
electricity and fuels. Of the fuel sources used, 45% are used as feedstock. For example,
liquefied petroleum gases are used as feedstock to produce polyethylene and
polypropylene, and natural gas is used to produce ammonia. The industry uses more
natural gas than the total of the domestic manufacturing and almost all the liquefied
petroleum gas.
Figure 2.1 includes information about the energy consumption classified by fuel.
The fraction of “other” energy sources from the chart includes byproducts produced
onsite, hot water, and purchased steam [EIA (2004)]. It can be observed that a big part of
the energy consumed is due to the electricity losses. Therefore, this is one of the issues
that could be identified as a potential for energy consumption reduction.
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Ot her, 684
Fuel Oil , 108
Net Elect ricity,
577
Coal, 300

Natural Gas, 2709

Electricit y Losses,
1200

LPG & NGL, 1796
T otal Energy Consumed 7374 t rillion Btu (with electrical losses)

Figure 2.1. Energy Consumption by Fuel – 1998 (Trillion Btu)
[Taken from EIA (2004)]

Figure 2.2 shows the heat and power consumption by end use (excluding
feedstock). This figure illustrates that the largest consumption is in boilers used to
produce steam (35%). Process heating/cooling is the second largest consumer (25%).
Therefore, any improvements in these areas could represent large amounts of energy
savings.
Figure 2.3 shows fuel energy distribution by sector and specifies the percentage of
energy consumed as feedstock. The organic chemicals sector has the highest energy
requirements, but more than 35% of energy consumed in organic chemicals
manufacturing is in the form of energy feedstock.
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Not Reported, 20%
Boiler Fuel , 35%
Non-Process, 6%
Other Processes,
1%
Elect rochemical
Processes, 2%

Process
Heating/Cooling,
25%

Machine Drive ,
11%

T ot al Heat & Power = 3704 t rillion Bt u

Figure 2.2 Heat & Power Consumption by End Use – 1998
[Taken from EIA (2004)]

3000
Energy use, No Feedstocks

2500

Feedstocks
Trillion BTU

2000

1500

1000

500

Figure 2.3 Fuel Energy Consumption by Sector – 1998
[Taken from EIA (2004)]
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A large fraction of the production costs of chemical products can be attributed to
energy costs. Although this varies with the type of product, energy can account for up to
85% of the production costs [EIA (2004)]. From Figure 2.1, it can be observed that
electricity contributes only a small percentage of the energy used, but due to energy
losses and the generation costs, it is the second largest energy expenditure in the industry.
This is illustrated in Figure 2.4. This figure also shows that LPG and NGL (Liquid
Petroleum Gas and Natural Gas Liquids) are the largest energy expenditures in the
chemical industry.

Electricity, 6.1

Natural Gas , 5.8

Fuel Oil, 0.2
Other, 1.9
LPG & NGL, 7.2

Coal & Coke, 0.5
T otal $21.8 billion

Figure 2.4 Energy Expenditures – 1998 (Billion Dollars)
[Taken from EIA (2004)]

Of all the electricity required by the chemical industry, about only one-fifth is
produced onsite mainly using cogeneration [EIA (2004)]. Figure 2.5 shows the
distribution of energy demand. This figure reflects the fact that utilizing cogeneration
technologies has the potential to reduce the electricity losses in transmission and
distribution. The cogeneration capacity of the chemical industry has been increased, and
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was doubled from 1985 to 1998, according to the data available from the MECS, 1998.
This fact is illustrated in Figure 2.6.

Cogeneration,
43,496
Purchase (less
sales/transfers offsite), 163,406

Transfers in ,
5,800
Direct/Other
Onsite Generation,
2,307

T otal: 215,008 million kWh

Figure 2.5. Net Demand for Electricity – 1998 (Million kWh)
[Taken from EIA (2004)]
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0
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Figure 2.6 Trends in Cogeneration Capacity (Million kWh)
[Taken from EIA (2004)]
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1998

In the last 20 years the United States’ chemical industry has greatly improved its
energy efficiency.

Due to the 1973 oil crisis, energy management programs were

implemented in the United States and have since caused a significant improvement in
energy efficiency. Processes and equipment has been revamped; for example, more
efficient distillation designs, as well as new catalysts have been developed. In the past 35
years fuel and power energy consumption per unit output has decreased by approximately
41%. Additionally, cogeneration, waste-heat recovery and heat integration have been
increasingly more popular to adopt, and have resulted in the reduction of energy
intensity. [EIA ( 2004)]
One of the focuses of this analysis is to identify the main points of energy loss for
the majority of the chemical industries, starting with the energy sources and energy
generation, explaining the energy use for processes and finishing with the process
effluents and energy recycled.

2.1 Main Losses Analysis
Energy in the chemical industry is not only used in the processes, but it is lost in
energy generation, distribution, conversion and in effluents (i.e. hot gases, hot waste
water). The energy footprints for the Chemical Industry provided by the DOE, MECS
2002 is used to present a main losses analysis in this industry. Figure 2.7 shows the
footprint of the chemical industry for 2002.
This footprint illustrates the amount of energy supplied and lost in each step of the
energy chain, from the energy generation to the process energy use. The first section of
the footprint corresponds to the energy generation stage. From the total fossil energy
12

supplied (3344 Trillion BTU), only 3% (97 Trillion BTU) is lost before getting to the
industrial plant boundary, the rest of it (3247 Trillion BTU) makes it all the way to the
industry. When analyzing the energy supplied to the utility power plant, the values are
quite different. In this case 67% of the energy used to produce electricity is lost before
getting to the industry (1144 out of 1695 Trillion BTU are lost in generation and
transmission losses). Finally, from the 5039 Trillion BTU supplied to the chemical
industry, only 3797 Trillion are really received in useable form.
The second section corresponds to the energy use within the industrial plant
boundaries. From the 3797 Trillion BTU available, 413 Trillion are lost in on-site energy
generation and boilers, and another 345 Trillion are lost in energy distribution. About 136
Trillion are reported as used for facilities, HVAC and lighting, and only 28 Trillion are
exported. From the 2875 Trillion BTU left, 654 Trillion are lost due to equipment
inefficiency and equipment waste heat. After all these stages, the real amount of energy
used on industrial processes is only 2222 Trillion BTU. Some of the energy used on the
process is recycled through the utilization of by-products as fuel and the recovery of
waste heat. However, the energy amount recycled after the process is not shown in this
footprint. Table 2.1 shows a summary of the data extracted from Figure 2.7.
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Energy Generation Stage

Energy used within the Industrial Plant Boundaries

Figure 2.7 Energy Footprint of the Chemical Industry for 2002.
[Adapted from EERE (2002)]

From the total energy supply addressed to the chemical industry, approximately
47.4% is used in processes and the other 52.6% is lost from the generation stage until the
conversion of the energy. This fact is a first evidence of the enormous energy saving
opportunities in this industry.
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Table 2.1 Energy Losses Distribution
Energy
Input
(Trillion
BTU)

Energy
Losses
(Trillion
BTU)

Energy Supplied
(Trillion BTU)

% Energy
losses from
total energy
stage

% Total Energy loss
of total supplied (5039
Trillion BTU)

General
Total energy input

5039

2653

*2386

52.6

52.6

Detail
Utility Power Plant

1695

1144

551

67

22.7

Fossil Energy Supplied

3344

97

3247

3

1.9

Central Energy Generation

3797

413

3384

11

8.2

Energy Distribution (less
Facilities and Export)

3220

345

2875

11

6.8

Energy Conversion

2875

654

2222

23

13.0

Total energy losses
*This value corresponds to the process energy use + facilities energy use + energy export

52.6

The highest fraction of energy is lost in the utilities energy generation and
transmission (67%). This represents 22.7% of the total energy supply of the industry.
Alternative energy generation sources, like cogeneration, on-site electricity generation,
Combined Cooling Heating and Power (CCHP) among others, would help reducing the
fraction of energy lost in this stage. Another major loss is in energy conversion, 23% of
the energy supplied to the equipment is lost due to inefficiencies. This represents 13% of
the total energy supply addressed to the industry. In the following chapters of this thesis,
several methods to improve systems efficiencies are explained.

2.1.1 Progress in the last four years
Reducing the energy consumption is not a new concern to the chemical industry.
Figure 2.8 represents the energy footprint of the chemical industry for 1998. Comparing
Figure 2.8 with the energy footprint for 2002 (see Figure 2.7) reveals that the process
energy use remains about the same. The energy supply addressed to the chemical industry
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was reduced from 5074 to 5039 Trillion BTU in the four year period. This represents a
reduction of less than 1% of the energy supply to the same quantity of process energy
use. However, the reduction of utility power plant energy use was considerable,
diminishing from 602 to 551 Trillion BTU in 2002. This reduction made losses on this
segment go from 1251 to 1144 Trillion BTU, about 10% less than on 1998. The energy
supply originated from fossil fuels increased, and as a consequence the energy loss in
boilers and on-site energy generation increased as well. Energy export and facility energy
use increased about 12 and 10%, respectively. The other stages stayed approximately in
the same range of energy use and losses fraction. The trend is subtle, but it goes in the
right direction. The chemical industry is using less energy supply applied to the same
process energy use. By increasing the on-site energy generation the result is substantially
more efficient energy usage.
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Energy Generation

Energy used within the Industrial Plant

Figure 2.8 Energy Footprint of the Chemical Industry for 1998.
[Adapted from EERE (2002)]
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CHAPTER 3
OPPORTUNITIES OF IMPROVEMENT AND ENERGY SAVINGS
IN THE CHEMICAL INDUSTRY

Chapter 2 presented the energy consumption in the chemical industry, the cost,
and the stages that have higher energy loss fractions. The objective of this chapter is to
highlight in more detail the reasons why energy is lost and how the Chemical Industry
could minimize the energy utilization, considering factors inside and outside their
boundaries.
In this chapter the energy saving opportunities will be classified in three different
groups: maintenance and system optimization, energy generation and waste heat
recovery, and other recommendations. Figure 3.1 shows the classification of these energy
saving opportunities. This figure also illustrates how this thesis is structured. From Figure
3.1 it can be observed that maintenance and system optimization is subdivided into steam
systems, pump systems, compressed air systems, fouling and insulation. Similarly, the
energy generation and waste heat recovery is subdivided into Organic Rankine Cycles
(ORC) for low to medium grade waste heat and Combined Cooling, Heating, and Power
(CCHP) systems for medium to high grade waste heat. According to Somayaji (2008),
waste heat can be classified as low-grade (<100°C), medium grade (100°C–400°C) or
high grade (>400°C). All the energy savings opportunities can be assessed using different
analysis tools that will be discussed in Chapter 4.
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Figure 3.1 Opportunities of improvement to save energy in the chemical industry

3.1 Maintenance and System Optimization
This section focuses on several common equipment maintenance and optimization
problems observed in the Chemical Industry that cause excessive energy use. This section
discusses about steam systems, pump systems and compressed air systems. In addition,
two common issues that affect these systems, fouling and insulation, are also discussed
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3.1.1 Steam System Optimization
The Steam systems are vital components in the chemical industry, and their
performance strongly affects the energy consumption of this industry. Most chemical
industries use steam to process heating and for cleaning and disinfecting equipment.
Moreover, some industries use steam turbines to produce electricity. As observed before
in Figure 2.2, about 35% of the energy consumption for heat and power is reported as
boiler fuel. Taking into account the amount of energy used to produce steam, optimizing
the steam system in the chemical industry means a great opportunity to save fuel and in
some cases electricity if a steam turbine is used. In addition, the amount of waste heat
released into the atmosphere is reduced, avoiding further pollution.
There are several ways to optimize the steam system and sizing the boiler and the rest
of the system during the design phase. After the system is working, several maintenance
and housekeeping activities are required to conserve and improve the system efficiency.
Some of the most important activities are listed below [Aegerter (2005)]:



Fixing insulation and air leaks in the steam system, especially in the high pressure
section is usually an easy way to reduce energy consumption and it is justified
with quick return on investment. A visual inspection and an infrared
thermography* survey can be used to identify areas of damaged insulation.
Maintenance of steam traps and their replacement is necessary to reduce leaks.

*Thermography is the name given to the technique of converting invisible infra-red radiation into
visible heat pictures. Advances in rapid response detectors have resulted in the generation of systems
available today, producing television quality infra-red images from equipment very similar to portable
video cameras.[ Johnson, P. (1987)]
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Although insulation and leaks seem to be obvious, a considerable number of
chemical industries lose energy and money because of these two issues. Insulation
is explained in detail in Section 3.1.4.



The 3E Plus insulation program provided by the U.S. DOE could help to evaluate
steam insulation maintenance and replacement (See Chapter 4.1.1.11 DOE
Analysis Tools).



Check and repair air leaks around the boilers. On negative draft boilers, air leaks
reduce boiler’s efficiency, damage refractory materials and cause erroneous
oxygen readings. On positive draft boilers, air leaks waste hot air reducing the
efficiency of the boiler and can cause personal injuries. This issue causes increase
of the fuel needed to operate the boiler increasing the energy and cost of the
process.



The calibration of the boiler’s control to use the appropriate fuel-oxygen mixture
and the properly functioning of the fan louvers and stack dampers guarantee a
more efficient combustion of the fuel and a minimum air intake.



Fouling reduces the heat transfer performance and causes a higher pressure drop
in boilers and heat exchangers, increasing the amount of energy required to
convert energy used in different processes. Fouling is explained in detail in
Section 3.1.5.
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3.1.1.1 Steam System Balance [Aegerter (1998)]
System configuration and settings are critical to guarantee steam supply at the
required conditions with the highest feasible efficiency. The most important features to
verify and configure in steam systems are:



Steam venting and steam let down: In order to reach the low-pressure steam
demand plants must let down steam. If the plant has excess amounts of steam it
needs to vent it; if it has more than one independent steam system one of the
system could be venting excess LP steam while other one is letting down steam.
By integrating the systems, the surplus of one operating area can supply LP steam
to another area with a deficit, thus reducing, the steam venting and the steam let
down.



Eliminating excess steam: Excess steam is vented to maintain the required
pressure in the system. If the amount of vented steam is considerable, the amount
of steam entering the steam header should be reduced. This can be accomplished
in several ways:
o Shut down turbines: During a low steam demand period, a turbine can be
shut down and a motor-driven spare equipment started up to drive pumps,
fans and air compressors. However, depending on electricity and fuel cost
this may not be the most cost-effective solution.
o Check valves: The excess low pressure steam can come from a let down
control valve. If the valve is open and low pressure steam is being vented,
then the excess steam is in the high pressure level. If the valve is closed
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and low pressure steam is vented, the valve is possibly leaking
contributing to the excess low pressure steam.
o Examine turbines: Hand valves are opened when an additional power is
required, but operating the turbine with the hand valves opened when not
necessary causes a higher steam flow rate than required. To check if the
extra flow rate is necessary, the hand valves can be closed while checking
the turbine’s speed; if the speed does not vary, the hand valves must
remain closed. Nozzle and turbine blades can wear over time, reducing
the efficiency of the turbine. The turbine efficiency should be checked by
measuring the inlet and outlet pressures and temperatures and comparing
with the original design data.
o Vary header pressures: If the inlet pressure is increased or the outlet
pressure is decreased, then the steam rate through the turbines can be
reduced or more horsepower can be obtained.
o Optimize deaerator operation: If it is not possible to eliminate the excess
of low pressure steam, then the steam can be re-directed to the deaerator to
obtain hotter feedwater and reduce the fuel needed in the boiler. It is
necessary to take into account that this increases the pressure inside the
deaerator and hence, the deaerator rating must be checked.
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3.1.2 Pump System Optimization
Pump systems are usually overlooked if the process requirements are being satisfied.
“If it is not broken, don’t try to fix it” is a typical ideology used in most companies and
industries. However, considerable amounts of energy are typically misused due to
inefficient pump systems, and the chemical industry is no exception. Pumping systems
account for 20-60% of the total electrical energy usage in many industrial facilities, and
usually about 25% of the energy consumed by electric motors [Pump Systems Matters].
The main factors that cause excessive energy consumption in pump systems are:


Incorrect pump size selection (correct pump size is selected only 10% of the time,
[Hollywood (2007)].



Operation out of the optimal range



Inappropriate maintenance



Inappropriate system configuration

Companies typically buy pumps evaluating only their initial cost without considering
that energy and maintenance account for about 50% of the total pump life cycle costs,
while the initial price accounts only for about 15%. Since pumping systems are
fundamentally important in many industrial processes, it is a common practice to oversize
pumps to guarantee that requirements are met. However, this practice leads to inefficient
systems that require more energy and increased maintenance costs. The main symptoms
of an inefficient pumping system are:
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Existence of flow control valves that are highly throttled



Existence of bypass line (recirculation) flow regulation



Batch-type processes in which one or more pumps operate continuously



Frequent on/off cycling of a pump in a continuous process



Presence of cavitation noise either at the pump or elsewhere in the system



A parallel pump system with the same number of pumps always operating



A pump system that has undergone a change in function, without modification



A pump system with no means of measuring flow, pressure or power

It is usually easy to determine when a system is operating with a flow rate or pressure
under the requirements of the process, but often systems operate with an excess flow rate
or pressure without notice. This inefficiency in the system not only causes an excess
energy use, but also excessive wear of the system.
Companies in the industry that based their operations in pumping systems have been
working to improve their efficiency, reliability and profitability. Technical advice can be
found from the main pump suppliers, the Hydraulic Institute and the U.S. Department of
Energy. The Hydraulic Institute has developed a program called Pump Systems Matters
that compiles several documents, publications, educational programs and software tools
aimed to help companies to improve their pump systems efficiency. The U.S. DOE
developed a tool called PSAT that in the same way helps companies doing assessments to
improve their pumping systems (see Section 4.1.1.10). Several webcasts are included in
the webpage from Pump Systems Matters. Some of the most important aspects from these
webcasts are discussed as follows [Pump Systems Matters]
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3.1.2.1 Opportunities and mistakes when designing pump systems

a. Measurement of basic variables: “If you can’t measure it, you can’t manage it”. It
is necessary to measure some basic variables to design an approach that could
help to improve the system.
b. Energy information systems: Even if the variables of different systems are
measured, but the information is not easily accessible by every person who could
help to improve the system, results cannot be optimal. A recommendation is that
the company has a web-based Energy Information System that can be accessed by
any of their employees. In this way different people can asses the performance of
the pumping systems and make recommendations.
c. Designing issues: When designing a pumping system, engineers often use
conservative friction loss calculations or select the next impeller size “just in
case”. Although a security factor could be a good precaution, it could also lead to
an unnecessarily oversized system. Moreover, systems are often designed for
future expansion that never materializes. It is necessary to improve on planning
for changes in utility needs for new plants and shrinking sites. Incorrect
application (temperature, fluid) is a less common but often found mistake. To
design pumping systems by asking for advice or participation of pump
manufacturers usually helps to prevent most of the design problems.
d. Pumping systems are rarely re-visited: As explained before, pump systems are not
usually checked in depth if they are meeting the requirements of the process.
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e. Variable Frequency Drives (VFDs): A VFD is an option to compensate for
oversized motors and pumps. These drives control the speed of an AC
synchronous motor-pump, varying the frequency of the power supplied to the
motor, giving a better control over the process and saving energy. VFDs help to
avoid high electrical surges and provide a smoother operation and less mechanical
and hydraulic stresses on the system. Figure 3.2 shows an example of a
commercial VFD. However, although VFDs help to save energy when pumps are
oversized or the process does not require the maximum fluid flow all the time, the
initial cost sometimes results in the system not being economically feasible

Figure 3.2 An example of a VFD or AC Drive - Durapulse GS3 series
[http://web2.automationdirect.com/adc/Home/Home]

3.1.3 Compressed Air System Improvements
Compressed air systems operation is another important factor that affects the
energy consumption in the chemical industry. Usually compressed air systems are
overlooked if the air supply is enough to satisfy the demand and the pressure is over the
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minimum required. But what it is not realized is that an inefficient system can wear out
faster and use more energy than necessary. Although a system could have inefficiencies
due to the initial system design, many of the inefficiencies are caused by wear of the
system, lack of maintenance or operation out of the optimal operational point. To get an
idea of the cost of compressed air, at $0.06 per kW-hr plus maintenance and equipment
depreciation, compressed air costs about $2.00 per 100 cfm per hr of usage [Foss (1999)].

3.1.3.1 Appropriate and Inappropriate Production Usage
Valves, cylinders, instruments, air motors, pneumatic hand tools and, in some
cases, blowing applications are examples of appropriate applications for compressed air.
However, there are some applications than can be more effective using electricity,
hydraulics or mechanical power instead of compressed air. Some examples are the use of
plant air for aspiration of a flue gas, agitation or oxygenation of liquids or aeration; these
applications can be served with a low-pressure blower. According to Foss (1999), it is a
huge waste of energy and money to install a 3/8 in. air hose to blow air with an annual
operating cost of $18,000 when a 1-hp blower could do the same thing with an installed
cost of $400 and an operating cost of $850 per year. However, for existing compressed
air systems several issues can be corrected to improve the energy use and cost of
operation. Some of these issues include: leaks, artificial demand, compressed air storage,
open blowing and open drainage, among others.



Leaks: Air Leaks are one of the most well-known problems in compressed air
systems. Leaks can be found from the compressor to the point of use, including all
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the piping system and accessories. Most leaks grow with the time, increasing the
demand and making it more difficult to reach the set pressure. According to Foss
(1999) “it is not unusual for the sum of all leaks to equal up one-third of the total
air usage if they are not brought under control”. Twenty percent of all leaks in a
system, by volume, are very small and inaudible. It is relatively easy to find and
eliminate about 75% of the total leak volume, but it is difficult to economically
justify the cost of labor to find and fix the other 25%. Figure 3.3 shows an
ultrasonic leak detector, which is used to detect those leaks that can not be heard
by the human ear or detected soaping the pipes.

Figure 3.3 Ultrasonic Leak detector
[http://www.ecompressedair.com/accessories/leakdetector.shtml]



Artificial demand: The air pressure in a system can be regulated or unregulated.
An unregulated system means that if the compressor pressure set point is raised,
the pressure in the point of use will raise as well. A regulated system needs to
have storage and one or more regulators. For an adequate configuration, a raise in
the compressor set point will be translated into a raise in storage pressure without
29

any change in the pressure at the point of use. In unregulated systems there is an
excess volume of air that needs to be created when the pressure set point of the
compressor is raised. This excess volume is called artificial demand, and is
produced to compensate for the air wasted by leaks, drain valves and blowoff.
The artificial demand increases proportionally to the pressure raise and “uses” air
from the system constantly, making the compressors work more often to maintain
the set point pressure, even if compressed air is not being used at the moment.


Compressed air storage: Using storage or downstream demand expanders
(equipment that increases the volume from the higher upstream pressure to the
control volume) the efficiency of the system can be improved greatly. In a system
with no storage or with insufficient storage, any change in the demand side will
be translated into a change in the compressor activity, creating peak loads and
more frequent on-off cycles. Moreover, to prevent any pressure drop below an
acceptable level, usually compressors are operated at an elevated pressure
(increasing also the artificial demand). If air storage is correctly designed and the
system is managed correctly, the compressors can manage storage needs instead
of dynamically meeting every change in demand. This means motor starts can be
minimized and, for multiple compressors systems, one or more compressors could
be shut down. Using the compressors to manage storage needs therefore reduces
the peak load and the artificial load.



Open blowing: Among other uses, open blowing is used for moving, drying and
cooling product, as well as for part and scrap ejection. However, these
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applications must be well calculated and implemented to avoid wasting air. A 1/4in copper tube used for open blowing could cost between $4000 and $18,000 per
year on a 3- shift basis.


Open drainage: Drain valves are used to dispose of compressed air effluents
(water, lubricant, debris). Although the use is not significant by volume, the high
flow rate for short periods of time can reduce the pressure of the system and
prevent the compressor from unloading. The best strategy is to adjust the draining
time for each valve to the shortest possible duration and increase the frequency;
this will reduce the air flow per cycle and, statistically, will reduce the possibility
for coincidental drainage events.
Table 3.1 presents statistical data about compressed air usage in 42 different

systems, the data was classified using the different categories previously described. It is
important to notice the elevated usage percentage attributed to leaks.

Table 3.1 Compiled data from 42 different audited systems [Adapted from Foss (1999)]
Usage
Constituent of demand

Lowest

Average

Highest

Appropriate production usage

19%

37%

57%

Inappropriate production usage

3%

10%

26%

Open blowing

6%

15%

39%

Drainage

0%

6%

16%

Leaks

11%

23%

41%

Artificial demand

4%

9%

19%

100%
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The following factors affect the system efficiency as well [Foss (1999)]:


Centrifugal compressor bleed by-pass or blow-off: The air flow is fundamental in
cooling the compressor and there is a minimum flow rate required to prevent
overheating. If the demand is under this rate, the compressor will still produce the
minimum necessary for cooling and will blow off the excess into the atmosphere.
Although this justifies wasting air, an adequate configuration of the system
(demand control, storage, drainage) can reduce the operational time under the
minimum required flow rate and, consequentially, the volume of blow-off air.



Attrition: Nozzle wear is caused by solid particulates in the air steam, and can
considerably increase the air consumption if the attrition is unattended. The need
for a few cubic feet of air on each application can increase the compressor load or
even require an additional compressor to be turned on.



Purge air from desiccant dryers: Compressed air is used for stripping air dryers of
moisture. The consumption range of the purge varies between 3 to 14.7% of the
total air system capacity depending of the purging method. Although the purge
rate is usually constant for each cycle, using dew point control to calculate the
saturation of the dryer, the time between purging cycles can be more accurately
adjusted and, therefore, the time between cycles would be lengthened when the air
flow through the dryer drops.



Minimum load demand: Although minimum load is the condition with the least
energy demand, it is usually the condition in which systems operate the most
hours a year (night shift, weekends). As the demand drops, the pressure rises as
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does the air waste in leaks, blow-off, drain and purge. Minimum load demand
condition must be evaluated carefully to reduce small amounts of air consumption
during long periods of time. The possibility of using small alternative air blowers
and equipment independent from the main compressed air supply, as well as the
use of electrical drive equipment should be evaluated [Foss (1999)].
Compressed Air Challenge is a voluntary organization that compiles users,
manufacturers, distributors, consultants and research agencies, among others. Their
mission is “to develop and provide resources that educate industry on the opportunities to
increase net profits through compressed air system optimization.” More information can
be found at: http://www.compressedairchallenge.org/

3.1.4 Insulation
Mechanical Insulation is often disregarded or improperly specified in commercial
and industrial construction projects, and the chemical industry is not an exception.
Insulation is important not only for the energy conservation, but for personal protection,
condensation control, process control, noise control and fire safety [Christopher (2006)].
The chemical industry frequently utilizes fluids that are either at lower or higher
temperatures than the surroundings. When working with fluids at temperatures different
from the ambient temperature, it appears to be evident that insulation helps to save
energy and maintain process’ temperature, and as a consequence, saves money and
reduces waste heat. However, insulation costs money too, and depending on the
application, some types of insulation can be inconvenient or cost more money than the
energy that is actually saved.
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This section discusses the importance of adequate industrial insulation. Heat loss is
calculated in several examples under different conditions to show the impact of the
external factors and the use of diverse materials and thicknesses for both insulation and
jacketing. Although most people are aware of the importance of using insulation with
industrial equipment, numerous mistakes are frequently made. Some of the most common
insulation mistakes that are applicable to the chemical industry are [Irwin (1991)]:


Using the wrong material: Although some insulation materials are very effective
in a wide range of applications, using the most appropriate type of insulation can
be cheaper, lighter or easier to install. Appendix 1 shows an Insulation Materials
Specification Guide that help selecting the type of insulation to apply for each
application.



Skimping on economic thickness: Economical thickness refers to the thickness
with the best rate between initial investment and energy saving. Insulation that is
too thin could lead to higher operation costs. On the other hand, too much
insulation could result in high initial cost, being more expensive than the energy
saved during its service time.



Installing the wrong thickness: A specific thickness could be the most economical
thickness but not fulfill the personnel security requirements. The insulation
thickness should be specified so that it satisfies all the design parameters.



Struggling with difficult calculations: The Thermal Insulation Manufacturers
Association (TIMA) publishes recommended thickness tables for commonly
specified materials. Moreover, several computer software packages are offered to
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help calculate the optimal thickness. The US DOE offers the 3Eplus, a free and
easy-to-use software. The benefits of using this tool and how to find it are
explained in Chapter 4 of this thesis.


Specifying the wrong thickness for jacketing: Reflective materials like aluminum
resist heat transfer. When using hot fluids and depending on the insulation
thickness, the temperature of this type of jacketing could be considerably higher
than when using a different type, creating a safety hazard for the personnel. When
using cold fluids, the jacketing causes the surface temperatures of insulation to get
colder, which can cause condensation problems that can damage the insulation
and corrode the pipes.



Layering insulation - over jacketing: Usually it is not recommended to apply a
second layer of insulation over an already jacketed section. The temperature in the
interface between the old jacketing and the new insulation layer rises for hot pipes
and falls for cold pipes, which can lead to damage in the jacketing material or
condensation problems.



Poor workmanship: Incomplete or mispositioned seals cause heat losses and water
penetration. It is important to check all points including connections, joints, and
hangers. A vapor retarder should be installed and properly sealed in all points
when installing cold pipes. Valves and elbows are usually left without insulation,
wasting a considerable amount of energy.
properly.
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It is imperative to insulate them



Hiding damage: When installing new insulation over an existing insulation, the
damaged section should be repaired to guarantee an optimal thermal performance.
Moreover, if the old insulation gets wet and it never dries properly, the thermal
performance will decline much more.



No insulation at all: Insulation is one of the easiest ways to make an industrial
process more efficient. Sections should not be left without insulation when using
fluids at different temperatures from the ambient temperature.

3.1.4.1 The effect of Insulation over Pipes
This section presents several examples to illustrate the effect of insulation over
pipes. Different investigators have used and published results using the 3E plus software
for calculating industrial insulation [Goss et al. (1997)]. This program allows determining
the effect of insulation thickness and materials, wind speed, process temperatures and
pipeline diameters on the heat loss. The effect of all these parameters is evaluated in this
chapter through different simulated cases.

3.1.4.1.1 Case 1. Insulation Thickness Variation
To illustrate the effect of the insulation thickness on the savings per year, a steel
horizontal pipe was considered. The information used for the calculation is presented in
Table 3.2
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Table 3.2 Information used to simulate Case 1
Pipe Material
Bare Surface Emittance
Nominal Pipe Size
Process Temp
Ave. Ambient Temp
Ave. Wind Speed
Hours/Year
Outer Jacket Material
Outer Surface Emittance
Insulation layer

Steel
0.8
4 in
400 ºF
75 ºF
0 mph
8320 hrs/yr
Aluminum, oxidized in service
0.1
850F Mineral Fiber PIPE, Type I, C547-06

Table 3.3 shows the surface temperature and heat loss in a pipe for insulation
thickness from 0 to 10 inches obtained using the software. Figure 3.4 shows a plot of the
heat loss and the efficiency percentage using the results presented in Table 3.3

Table 3.3 Surface temperature and heat loss depending on the insulation thickness
(Case 1)
Thickness
(in)

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0

Surface
Temp
(ºF)

399.3
148.7
117.8
104.5
97.9
93.2
90.4
88.4
86.8
85.5
84.5

Heat Loss
(BTU/ft/yr)

10,420,000
1,100,000
702,800
540,100
458,000
400,000
364,400
337,600
316,700
299,700
285,700

Efficiency
(%)

89.47
93.26
94.82
95.61
96.16
96.50
96.76
96.96
97.12
97.26

Savings
($/ft/yr)

121,900
126,400
128,500
129,600
130,300
130,800
131,100
131,400
131,600
131,800

In this example it is easy to observe that as the insulation thickness increases the
heat loss diminishes, which makes the efficiency of the insulation higher. However it
should be noticed that the graph has an asymptotic behavior. As it was mentioned before,
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designers and engineers have to find the optimal point where the cost of insulation is not
going to neglect the savings in the process.
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Figure 3.4. Heat loss vs. Insulation Thickness

3.1.4.1.2 Case 2. Wind influence in Heat Loss
To determine the effect on the wind speed the same conditions used in Case 1
were employed. This analysis is important to simulate the difference between indoor and
outdoor installations. The information used for the calculations and the results are shown
in Tables 3.4 and 3.5, respectively. Figure 3.5 shows a plot of the variation of the heat
loss at different wind speed depending on the insulation thickness.
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Table 3.4 Information used to simulate Case 2
Pipe Material
Bare Surface Emittance
Nominal Pipe Size
Process Temp
Ave. Ambient Temp
Hours/Year
Outer Jacket Material
Outer Surface Emittance
Insulation layer

Steel
0.8
4 in
400 ºF
75 ºF
8320 hrs/yr
Aluminum, oxidized in service
0.1
850F Mineral Fiber PIPE, Type I, C547-06

Table 3.5 Heat loss at different wind speed (Case 2)

Insulation
Thickness

0.0
1.0
2.0
3.0
4.0

0 mph

10 mph

20 mph

Heat Loss
(BTU/ft/yr)

Heat Loss
(BTU/ft/yr)

Heat Loss
(BTU/ft/yr)

10,420,000
1,100,000
702,800
540,100
458,000

19,120,000
1,250,000
755,400
567,200
475,600

25,660,000
1,270,000
762,200
570,600
477,700

It can be observed from this simulation how the wind speed increases the heat loss
when insulation is not used. However, as the insulation thickness is increased, the heat
loss rapidly decreases within the first fraction inches of insulation.
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Figure 3.5. Heat loss at different wind speed

3.1.4.1.3 Case 3. Different Insulation and Jacketing Materials
For this simulation, different insulation and jacketing materials were used to
calculate the heat loss for a fixed pipe size and insulation thickness.
3.1.4.1.3.1 Case 3a. Different Insulation Materials
The information used for the calculations and the results when using different
types of insulation materials with a fixed type of jacketing are presented in Tables 3.6 and
3.7, respectively. Table 3.7 illustrates how different materials prevent heat loss at
different levels. The difference between using the specified mineral fiber and the
insulating cement is less than 6%. However, this small difference represents more than
500,000 BTU per year per foot of installed pipe. Of course the material selection also
depends on the material cost.
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Table 3.6 Information used to simulate Case 3a
Pipe Material
Bare Surface Emittance
Nominal Pipe Size
Process Temp
Ave. Ambient Temp
Ave. Wind Speed
Hours/Year
Insulation Thickness
Outer Jacket Material
Outer Surface Emittance

Steel Horizontal
0.8
4 In
400 ºF
75 ºF
0 Mph
8320 hr/yr
2.045 In
Aluminum, oxidized, in service
0.1

Table 3.7 Evaluation of different insulation materials (Case 3a)
Surface
Temp
(ºF)

Insulation Layer

850F Mineral Fiber PIPE, Type I, C547-06
Glass Fiber Felt, C1086-96(2004
Calcium Silicate BLK+PIPE, Type I
High Temp Fiber Blanket, Gr 6, C892-05
Cellular Glass PIPE, Gr 1, C552-03
MF Insulating CEMENT, C195-00

117.8
118.2
126.7
127.1
130.1
143

Heat Loss
(BTU/ft/yr)

Efficiency
(%)

702,800
712,600
892,700
902,300
966,600
1,260,000

93.26
93.16
91.44
91.34
90.73
87.90

3.1.4.3.1.2 Case 3b. Different Jacketing Materials
Tables 3.8 and 3.9 show the information used for the simulation and the results
when using different types of jacketing materials with a fixed type of insulation.

Table 3.8 Information used to simulate Case 3b
Pipe Material
Bare Surface Emittance
Nominal Pipe Size
Process Temp
Ave. Ambient Temp
Ave. Wind Speed
Hours/Year
Insulation Thickness
Insulation Layer

Steel Horizontal
0.8
4 in
400 ºF
75 ºF
0 mph
8320 hr/yr
2.045 in
850F Mineral Fiber PIPE, Type I, C547-06
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Table 3.9 Evaluation of different jacketing materials (Case 3b)
Surface
Temp
(ºF)

Outer Jacket Material

Aluminum, new, bright e=0.04
Aluminum, oxidized, in service e=0.1
Aluminum Paint e=0.5
Iron or Steel e=0.8
All service jacket e=0.9

120.4
117.8
105.6
100.2
98.7

Heat Loss
(BTU/ft/yr)

698,100
702,800
723,800
733,000
735,400

Efficiency (%)

93.30
93.26
93.06
92.97
92.95

Although the difference caused by using different jackets is not as considerable as
the difference caused by using different insulation materials, this example proves that by
merely changing the jacketing material from aluminum to an all service jacket, there is a
difference of about 30,000 BTU per year per foot of installed pipe, and about 20 ºF on the
surface temperature. Note that the surface temperature becomes lower as the heat loss
increases. When designing systems it is necessary to consider the surface temperature for
reasons of personnel safety.

3.1.4.1.4 Case 4. Different Process Temperatures
This case is typical for the chemical industry since processes at different
temperatures are always present. For this case the type and thickness of insulation and
jacketing were fixed, while the process temperature was varied from 100 to 800 ºF
(representative temperatures considered for the chemical industry). Table 3.10 shows the
information used for the calculation and Table 3.11 presents the results obtained for this
simulation.
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Table 3.10 Information used to simulate Case 4
Pipe Material
Bare Surface Emittance
Nominal Pipe Size
Ave. Ambient Temp
Ave. Wind Speed
Hours/Year
Outer Jacket Material
Outer Surface Emittance
Insulation layer
Insulation Thickness

Steel
0.8
4 in
75 F
0 mph
8320 hrs/yr
Aluminum, oxidized in service
0.1
850F Mineral Fiber PIPE, Type I, C547-06
2.045 in

Table 3.11 Evaluation of insulation for different process temperatures (Case 4)
Process
Temperature (ºF)

Surface Temp
(ºF)

100
200
400
600
800

78.8
90.9
117.8
153.5
200.9

Heat Loss
(BTU/ft/yr)

34,860
203,600
702,800
1,510,000
2,740,000

Efficiency
(%)

91.13
92.63
93.26
93.45
93.61

Figure 3.6 shows the heat loss calculated depending on the process temperature.
As expected, Figure 3.6 shows that the heat loss increases as the process temperature
rises. Although the insulation efficiency increases as the process temperature rises, it has
an asymptotic behavior.
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Figure 3.6 Heat Loss vs. Process Temperature

3.1.4.1.5 Case 5. Pipe Size Variation
The final case considered in this section is the pipe size variation. For this case,
the insulation and jacketing were fixed while the pipe diameter was varied from 2 to 10
inches. Tables 3.12 and 3.13 present the information used for this calculation and the
results, respectively..
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Efficiency (%)

Heat Loss (MM BTU/ft/yr)

3

Table 3.12 Information used to simulate Case 5
Pipe Material
Bare Surface Emittance
Nominal Pipe Size
Process Temp
Ave. Ambient Temp
Ave. Wind Speed
Hours/Year
Outer Jacket Material
Outer Surface Emittance
Insulation layer
Insulation Thickness

Steel Pipe - Horizontal
0.1
Varied
in
400 F
75 F
0 mph
8320 hrs/yr
Aluminum, oxidized, in service
0.1
850F Mineral Fiber PIPE, Type I, C547-06
2.045 in

Table 3.13 Evaluation of insulation for different pipe sizes (Case 5)

Pipe Size
(in.)

Surface
Temp (ºF)

Heat Loss
(BTU/ft/yr)

Efficiency
(%)

2
4
6
8
10

11.5
117.8
121.2
123.1
123.4

453300
702800
947700
1170000
1370000

92.06
93.26
93.72
94.00
94.31

Bare Pipe
Heat Loss
(BTU/ft/yr)

5,710,000
10,420,000
15,090,000
19,440,000
24,050,000

Figure 3.7 shows the difference in heat loss between bare and insulated pipes
depending on the pipe size. Although the heat loss increases with the pipe size for both
the bare pipe and for the insulated pipe cases, the heat loss when using an insulated pipe
increases slower compared to the bare pipe
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Figure 3.7 Heat Loss vs. Pipe Size for bare and insulated pipes

3.1.5 Fouling
Fouling is defined as the accumulation of solids on a heat transfer surface. This
process causes a reduction of the heat transfer rate and increases the pressure drop in heat
exchangers, increasing the amount of energy required to convert energy used in different
processes. All of these factors reduce the performance and lifetime of heat transfer
equipment [Pak et al. (2008)]. In some cases, fouling causes hot spots that can cause the
material to fail. Pak et al. (2005), studied the fouling effect in various condenser coils
used in unitary air conditioning systems. After using dust to foul the air side of the heat
exchangers, the pressure drop increased by 22% to 37% for different coils. The heat
transfer performance decreased by 4% to 12% at the standard air velocity. A periodic
cleaning will be effective in maintaining the performance of a heat exchanger. Therefore
it can be clearly seen that if the overall heat transfer coefficient decreases, the amount of
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energy that has to be used will also increase. However, the impact of fouling depends of
the characteristics of the heat exchanger and the type of fouling presented.
In the Chemical Industry, most processes include heating and cooling of reactants
and products. Boilers, cooling towers, ovens, pipelines, air handling ducts can be affected
by fouling, among others. Fouling is one of the main factors that causes energy losses in
heat transfers and pump systems in the Chemical Industry. Depending on the application,
different types of fouling can be found. Zdaniuk et al. (2008), establishes six principal
types of fouling mechanisms:

1. Scaling (precipitation fouling): occurs when the temperature of a fluid changes. When
the temperature increases, the solubility of salts diminishes and the salts in the fluid
precipitate and settle on a heat exchanger surface.
2. Particulate fouling: particles suspended in a fluid, such as dust or debris, are deposited
on a heat transfer surface.
3. Corrosion fouling: accumulation of oxidized particles from the metal surfaces of the
heat transfer surfaces.
4. Chemical reaction fouling: an accumulation of particles produced by a chemical
reaction of the fluid with other components.
5. Biological fouling: an accumulation of biological growths form on the heat exchanger
surfaces. These growths can be micro-organisms (bacteria, algae) or macro-organisms
(mussels, barnacles) [Pugh et al. (2005)].
6. Freezing fouling: solidification of a fluid on a heat transfer surface when the
temperature drops below the fluid freezing point.
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As mentioned previously, fouling reduces the heat transfer rate and causes drop
pressure in heat exchangers and other equipment, reducing the efficiency of the system
and increasing the amount of energy needed for a process. Besides, the excess of energy
needed, fouling deteriorates the equipment. Figure 3.8 shows an example of how fouling
affects a heat exchanger pipe. In this photograph, scaling and corrosion fouling are easily
observed. According to the source of the photograph [http://www.portatreatment.com],
this tube failed prematurely due to corrosion that could have been prevented.
Depending of the nature of the process, different fouling types are observed in the
chemical industry. Boilers, furnaces and cooling towers, and in general heat exchangers
are the most common equipment in the chemical industry, and the way fouling affects
them is explained below.

Figure 3.8 Serious corrosion and scaling fouling in a heat exchanger
[http://www.portatreatment.com]
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3.1.5.1 Main Factors that Affect Fouling in a Heat Exchanger
Pugh et al. (2005) explained some factors that have a predominant role in governing
fouling in seawater systems. Although using seawater as a coolant is more common in the
power generation industry, several of the explanations can still be applied to the chemical
industry and the different heat exchangers used (boilers, cooling towers, economizers and
recuperators, among others). The seven main factors explained by Pugh et al. (2005) are:


Surface temperature: the temperature at the interface between the cooling water
and the metal of the heat exchanger - which later becomes the interface between
the water and the fouling layer - affects the rate of fouling for the different types
of foulant. Figure 3.9 shows the effects of temperature on various fouling
mechanisms at a constant velocity.

For crystalline fouling (scaling), the

deposition of salts increases with the temperature, and it becomes a serious
problem for equipment working over 60 ºC. Corrosion fouling requires dissolved
oxygen in the water. At low temperatures the corrosion rate increases with the
temperature, but as the temperature rises, the solubility of oxygen in water
decreases and the corrosion fouling decreases as well. The biological fouling
increases with the temperature in the low temperature range, but at high
temperatures most of the foulant organisms are killed and the fouling factor is
drastically reduced. The effect of temperature on particulate fouling is small and it
is related to the conductivity of the deposited materials.
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Figure 3.9 Effect of temperature on various fouling mechanisms at constant velocity
[Pugh et al. (2005)]



Bulk temperature: biological fouling increases with the temperature in the low
temperature range, but for high bulk temperatures and long residence times the
organisms are killed. Increasing the temperature of the system for a certain
amount of time can be used as a maintenance routine to reduce biological fouling.
The temperature and time for the procedure depend on the type of organisms and
the limits of the systems.



Water velocity: Figure 3.10 shows the effect of water velocity on various fouling
mechanisms at a constant temperature. Although the effect of velocity is small on
crystalline fouling, at high velocity the water tends to shear off the crystalline
deposits. The biological fouling increases with velocity in the low range because
the nutrients supplied increase as well. However, at higher velocities, organisms
and materials that cause particulate fouling are washed out, reducing the fouling
factor. The effect of water velocity on corrosion is small.
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Oxygen concentration: Oxygen is necessary to oxidize the metals and for
biological foulants to survive. As the amount of oxygen dissolved in the water
decreases, the corrosion and biological fouling is reduced.

Figure 3.10 Effect of water velocity on various fouling mechanisms
at a constant temperature. [Pugh et al. (2005)]



Tube or plate material: Some materials are more susceptible to biological fouling,
most ferrous materials, for example, are easily oxidized and some others have
temperature limitations. Titanium, for example, has excellent resistance to
corrosion and can be used at high temperatures. However, it is more susceptible
to biological fouling than other alloys. In severe conditions cathodic protection
helps to prevent corrosion.



Upstream pipework materials: Corrosion materials from the upstream pipework
could accumulate in the heat exchanger or different sections of the system,
forming or increasing the fouling layer.
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Solids: Solids can erode the pipes and other surfaces, making them prone to
corrosion.

Figure 3.11 Fouling in a shell and tube heat exchanger of a boiler
[http://www.portatreatment.com]

There are some other considerations related to the factors mentioned above that
should be taken into account when designing heat exchanger systems for the chemical
industry. It is important to design a system that discourages surface fouling by selecting
adequate materials and operational temperature and velocities; however, it is also
important to design a system that facilitates cleaning and inspection. Regions of low
velocity (dead zones) could permit organisms to settle and solids and minerals to deposit.
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3.1.5.2 Fouling in a cooling tower
In the Chemical Industry, water is used as a coolant for many different processes.
Typically this water is cooled to be reused through cooling towers. The reduction of the
heat transfer rate in a cooling tower usually makes it necessary to increase the rate of
water circulated to fulfill the process heat transfer requirement. All the excess electricity
used for pumping could be saved with adequate maintenance.
The different components of the tower that are exposed to water, including pipes
used to circulate the water through the cooling system, usually foul with time. Depending
on the configuration of the cooling tower, it can use several loops to reject the heat into
the atmosphere; however, the open loop in which the water is in contact with the
atmosphere is the most critical. This stage allows particulate matter and micro and
macrobiological organisms to enter the system. The makeup water usually is a source of
fouling elements, like chlorine or other chemicals used in city water treatment. Such
elements include suspended particles and microorganisms, among others.
The water treatments used to prevent one type of fouling can sometimes
contribute to another type of fouling. For example, when sulphuric acid is added to
control pH, it also adds sulphate ions to the water that may precipitate out as calcium
sulphate [Zdaniuk et al. (2006)]. Table 3.14 shows some of the possible tower water
constituents.
A common method used to measure the fouling potential of water is the Langelier
Saturation Index (LSI). The LSI is used for analysis of the corrosion and precipitation
fouling potential [Zdaniuk et al. (2007)]. For tubular heat exchangers it is common to use
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fixed values of fouling factors listed by the Tubular Exchangers Manufacturers
Association [TEMA (1999)]. Another methodology used frequently for power station
condensers and other applications is the use of a cleanliness factor. This methodology is
explained by the Heat Exchange Institute Inc. (HEI) [Pugh et al. (2005)]. Zdaniuk et al.
(2008) presented the desired concentrations of constituents in water for a low, medium or
high fouling potential. This information is presented in Table 3.15.

3.1.5.3 Fouling prevention in the water side of a heat exchanger
Several factors, such as the geographical location, hours of operation and
maintenance of the cooling system, affect its fouling potential. On the other hand, an
adequate water treatment can help to prevent or reduce fouling. The most common water
treatments used in cooling systems are listed as follows:


Use of softened make-up water: water hardness contributes to scaling.



Use of corrosion inhibitor: to prevent corrosion of the metal components.



Adding acid to control the pH: to lower the pH after using a corrosion inhibitor of
basic composition.



Biocides: to prevent growth of microorganisms.

In cooling towers the principal fouling problems are particulate and precipitation
fouling. Biological and corrosion fouling are controlled using biocides and corrosion
inhibitors. Freezing fouling is not a problem in cooling tower condensers [Zdaniuk et al.
(2008)].
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Table 3.14 Cooling tower water constituents [Zdaniuk et al. (2006)]

Table 3.15 Low, medium and high fouling potential chemistry [Zdaniuk et al. (2008)]
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3.1.5.4 Other methods to avoid fouling
Shahryari and Pakshir (2008) studied the effect of a modulated electromagnetic
field (MEF) on fouling in a double-pipe heat exchanger. In their experiments they found
that application of an electromagnetic field to the cooling water in a cooling tower system
makes the system less prone to fouling. In this case, increasing the water velocity resulted
in a decrease of the effectiveness of the method due to the reduction of the residence time
of the water in the magnetic field. Shahryari and Pakshir (2008) mentioned a “long and
controversial history” in the anti-scale magnetic treatment. Although this method looks
very simple and inexpensive, (to the date of this research) no traditional or well-known
company offering this system as a standard for any installation was found. Most of the
companies found were small firms that have yet to publish the use or effectiveness of this
method.

3.1.5.5 Fouling in air side of boilers and furnaces
Ma et al. (2007) developed an ash behavior tool to asses slagging and fouling in
coal-fired boilers and compare their results with what they observed in a 512-MW
tangentially-fired boiler at Wisconsin Power & Light's Columbia Energy Center. Figure
3.12 shows how the ash deposit formation affects the heat transfer in a boiler after 6
hours of operation. In this figure, it can be observed how the sootblowing improves the
heat transfer performance.
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Figure 3.12 Impact of soot-blowing frequency on furnace wall heat flux (kW/m2)
[Zhanhua Ma et al. (2007)]

Using soot blowers and performing a frequent scheduled cleaning of the furnace,
can dramatically improve the heat transfer rate and reduce therefore the energy
consumption and thus the fuel used. Utilization of fuels that produce fewer ashes when
burned can contribute toward reducing fouling in furnaces and boilers (i.e. natural gas
instead of diesel).

3.2 On-site Energy Generation and Waste Heat Recovery
As mentioned before, energy generation and transmission losses represent the
highest fraction of energy lost of the total energy supplied to the Chemical Industry.
Using on-site generation is one of the solutions to minimize the transmission losses of the
chemical industry. Moreover, the efficiency of the system can be improved recovering
the waste heat from prime movers (engine, turbine). This section explains two
technologies that could be used by the Chemical Industry depending on the type of waste
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heat that is available. These two technologies are: Combined Cooling, Heating and
Power (CCHP) systems (medium to high grade waste heat) and Organic Rankine Cycles
(ORC) (low to medium grade waste heat).

3.2.1 Combined Cooling, Heating and Power (CCHP) and Other Cogeneration
Systems.
Section 2.1 detailed the amount of energy that is lost in energy generation using
as a reference the Chemical Industry Energy Footprint. This section offers a solution to
save energy using on-site generation. Using Combined Cooling, Heating and Power
(CCHP) systems or any variation such as Combined Heating and Power (CHP) and
Combined Cooling and Power (CCP), not only can save the energy lost in transmission,
but it is possible to increase the efficiency of the system reutilizing the waste heat of the
power generator plant. Another variation using this principle is the Co-generation of
Power and Hydrogen (CPH) where the power generation system is integrated with a coal
gasifier to improve the efficiency of the system [Cicconardi et al. (2006)].
Basically, CCHP systems work as follows. A prime mover is used to drive an electric
generator. The waste heat from the cooling system and the exhaust gases from the
generator are utilized as energy sources and the total energy of the system is improved.
From there, the variety of different combinations and possibilities is wide and increases
as the researchers develop new technologies. The most common prime movers are:


Steam turbines



Reciprocating Internal Combustion Engines (ICE)



Combustion turbines
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Micro-turbines,



Stirling engines



Fuel cells

Among the thermally activated technologies are:


Absortion Chillers



Adsorption Chillers



Desiccant dehumidifiers



Air heaters (preheating for feeding boilers, furnaces and ovens)



Water heaters (preheating for feeding boilers and use in other industrial processes,
domestic use, water coils for climate control)

The size of the system can vary too. Wu and Wang (2006) suggest the following
classification:


Micro systems (under 20kW)



Small-scale systems (20kW-1MW)



Medium systems (1MW-10MW)



Large-scale systems (above 10MW)

Figure 3.13 shows a basic scheme of a CCHP system. Depending of the application
many other features can be added or eliminated. This system has a prime mover (i.e.
Turbine, ICE) that produces electricity and waste heat. The electricity is used in the
industrial facilities and if excess electricity is generated is sold back to the utility
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company (when permitted). Air and water are preheated using the prime mover waste
heat to feed the boiler. The boiler generates hot water to be used in industrial processes.
A fraction of this water and the waste heat from the prime mover is the energy source for
cooling devices (i.e. absorption chiller) and heating devices (i.e. desiccant dehumidifiers).
Additionally, the waste water from the processes is used to preheat boiler feed water. If
required, additional electricity from the grid can be used by the industrial facilities and
cooling devices.

Figure 3.13 Basic scheme of a CCHP system
Since industrial CCHP systems vary depending of the application, a range of
efficiency improvement cannot be specified. CCHP systems are configured according to
the availability of heat sources and the cooling, heating and power requirements of each
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industrial facility. Some applications and their characteristics are discussed in this section
to illustrate how CCHP can be used to improve the energy use. Table 3.16 shows the
characteristics of several applications using Absorption Chillers

Table 3.16 Characteristics of several commercially available Absorption Chillers
[Extracted from Wu. D.W. and Wang R.Z. (2006)]
System

Operating temp. (ºC)

Working fluid

Cooling
capacity (ton)

COP

Heat Source

Cooling

Single effect
cycle

80–110

5–10

LiBr/water

10–1500

More than 0.7

Single effect
cycle

120–150

<0

Water/NH3

3–1000

+ 0.5

Double effect
(series flow)

120–150

5–10

LiBr/water

200–1500

More than 1.2

Boljevic et al. (2006) presented a study of a CHP system installed in a
Petrochemical plant, specifically an oil refinery. Figure 3.14 shows a basic diagram of the
system configuration used in their investigation. The generation system consisted of a
7.18MW gas turbine-generator. The turbine used the gas by-product of the refining
process which would otherwise be burned as flare-off; alternatively it can use natural gas.
A waste heat boiler used the turbine exhaust gas to produce 15 ton/hr of superheated
steam at a pressure of 23 bar. Secondary steam injection using a fraction of this
superheated steam increases the turbine energy output A complementary fired water-tube
boiler produced 13.5 ton/hr of steam. The system efficiency calculated using actual data
recordings from the facility was 67.8%.
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Figure 3.14 Diagram of a CHP system configuration using a gas turbine
[Adapted from Boljevic et al. (2006)]

Similarly, Coelho et al. (2003) presented a study of a CHP system installed in a
chemical plant in Portugal. This system was based on a diesel cycle engine burning
Heavy Fuel Oil (HFO). Figure 3.15 shows a diagram of the system configuration used by
Coelho et al. (2003) in their investigation. The engine was used to drive an alternator that
produces 5.6MWe and the waste heat from the engine exhaust gas (EEG) was recovered
using a supplementary fired boiler that modulated to produce up to 24 ton/hr saturated
steam at 10 bar. Additionally, the supplementary fire burner used the excess oxygen
contained in the exhaust gas. This saved the energy required to heat the combustion gas
and reduces the volume of oxygen available of the flame, reducing the peak temperature
and in consequence the NOx emissions. The efficiency achieved in this system at
maximum electricity and steam production was 85%. Their investigation shows how
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CHP systems can be used not only to increase the overall system efficiency but also to
reduce the emission of pollutants.

Figure 3.15 Diagram of a CHP system configuration using a Diesel Cycle Engine
[Adapted from Coelho et al. (2003)]

The use of CCHP systems has become more popular as the demand for energy
grows to satisfy the demand of products and services. Since the chemical industry is the
industry with one of the highest total energy consumption, it has been a pioneer in the
implementation of this technology. Figure 3.16 shows the installed capacity of Industrial
CCHP applications in the US by sector and year. Note that the Chemical Industry has by
far the higher CCHP installed capacity.
As mentioned above, different equipment and systems are suited to the different
requirements of the industry. Some of the researchers who have investigated the
application and performance of CCHP and their variations are Wu and Wang (2006),
Cicconardi et al. (2006), Coelho et al. (2003), Fumo et al. (2008), Mago et al. (2007),
among others.
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Figure 3.16 Industrial CCHP applications installed capacity in the US
[Wu and Wang (2006)]

3.2.2 Organic Rankine Cycle (ORC)
Low-temperature waste heat from industrial processes is usually not recovered,
and the chemical industry is no exception. The lack of effective methods to recover this
remaining energy in fluids usually makes it impractical and economically infeasible.
However, the Organic Rankine Cycle (ORC) is an alternative technology that can be used
to obtain electricity from a source below 370 °C.
The chemical industry typically works with several fluids streams used to heat or
to cool reactants and products, with ending temperatures adequate to be used as heat
source for the ORC. The exhaust and the refrigerant fluid from an on-site energy
generation system can be used as heat source for the ORC as well. The implementation of
ORC not only maximizes the energy use, but reduces the heat discharged in waste water
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and other effluents, reducing the thermal pollution that the regular activity of the industry
causes.
The ORC working principle is the same as any regular Rankine cycle. What
differentiates an ORC from a regular Rankine cycle is the working fluid. The organic
working fluid varies depending on the application. Some of the fluids found in the
literature reviewed are: R113, R245ca, R123, R134a, isobutene, and propane [Mago et al.
(2007, 2008)]. The working fluid should ideally be stable, non-fouling, noncorrosive,
nontoxic and nonflammable. [Vijaraghavan and Goswami (2005)]
Some of the ORC configurations are the basic cycle and the regenerative cycle.
Both configurations use a turbine to drive an electric generator shaft. Some other authors
explain a more complex Combined Power and Cooling Cycle using organic working
fluids [Vijaraghavan and Goswami (2005)]. Figure 3.17 shows a regenerative
configuration for an ORC.

Figure 3.17 Regenerative cycle ORC configuration [Mago et al. (2008)]
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The efficiency of the ORC varies depending on the characteristics of the working
fluid and the settings of the system. Some of the most relevant are: volatility ratio and
boiling point of the working fluid and pressure ratio on the turbine. Organic fluid can be
classified as: dry, wet, and isentropic, depending on the slope of the saturation curve in
the T-s diagram. A dry fluid has a positive slope; a wet fluid has a negative slope, while
an isentropic fluid has infinitely large slopes. Dry and isentropic fluids show better
efficiencies than wet fluids, since they do not condense after the fluid goes through the
turbine [Mago et al. (2008)]. Figure 3.18 shows a comparison between the saturation
curves in the T-s diagram for the different types of working fluids.

Figure 3.18 Comparison of different types of working fluids: (a) Isentropic, (b) wet, and
(c) dry. [Mago et al. (2008)]
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As an example, a hypothetical system with an internal combustion engine (ICE)
used to drive an on-site electrical generator is studied. The maximum thermal efficiency
of an ICE unit is about 35% for spark ignition (SI) gasoline engines, about 41% for
compression ignition (CI) diesel engines and about 38% for natural gas SI engines
[Srinivasan et al. (2008)]. If the diesel engine-generator set used to produce electricity in
a chemical facility has a capacity of 300kWh, and assuming an overall efficiency of 40%,
the total fuel equivalent energy input for the engine would be about approximately
750kWh. From this input, approximately, 450kWh would be lost, mostly in waste heat,
although a small amount could be considered as mechanical losses. Srinivasan et al.
(2008) explain that by using ORC for diesel CI engines it is possible to increase the
system efficiency by about 10%. This means that 75kWh of extra power would be
produced using ORC recovering the waste heat, increasing the total system capacity to
375 kWh using the same amount of fuel.

3.3 Other Energy Saving Recommendations and Strategies to Consider
This section mentions several other recommendations that should be taken into
account in the Chemical Industry to reduce the energy consumption.

3.3.1 Installations and Equipment Retrofit and Maintenance
Equipment deterioration usually reduces its efficiency and the overall plant
efficiency. On the other hand, new technologies usually offer more efficient equipment
that uses less energy to accomplish the same objective. It is important to have a plan to
evaluate when is more convenient to keep equipment or to replace it with a newer model
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in order to save energy and money. It is clear that maintenance of the equipment could
help to optimize the efficiency of the equipment and prevent excessive wear.

3.3.2 Process Design and Updates
Of course, while in the design stage, engineers take into account the different
variables of the process in order to properly size the equipment. But usually, after
modifying a process, and the process requirements are met, the equipment is not changed
and systems stay the same, or minor modifications are made. Therefore, a large
percentage of equipment and systems are oversized and many processes use more energy
than required. Some examples of this are oversized pump systems and unbalanced steam
systems that produce more steam than needed, or at higher pressure.

Also, air

compressors or engines that have short operational periods often use more energy than
smaller equipment working continuously.

3.3.3 Renewable Energy Sources
Although this document is not intended to focus on this kind of energy source, it
should be mentioned that using biomass gasification, solar cells, wind turbines and some
others renewable energy sources, could save some of the fuel used for power and heat
generation in the chemical industry.

3.3.4 Fuel Flexibility
Most equipment in the chemical industry is fed with natural gas (See Figure 2.1,
Energy Consumption by Fuel). This fuel has shown high price changes and fluctuations
in the last few years. Therefore, installing equipment capable to use more than one type
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of fuel could result in saving money using alternative fuels as needed with the prices
fluctuations [Chemical Industry Vision2020 Technological Partnership (2004)].

3.3.5 Using By-products as Fuel
The use of by-products as fuel reduces fuel consumption and ambient pollution.
Industrial boilers generally burn oil, gas or coal. However biomass can be used as a fuel
in some boilers. Table 3.17 shows some examples of solid waste fuels burned in
industrial boilers and its heating value.
Another example of a by-product used as a fuel is hydrogen. This gas is a by-product
of some chemical processes and it is usually dumped into the atmosphere. Besides saving
fuel, hydrogen is a clean fuel with almost zero emissions. Some chemical processes
where hydrogen is a by-product are:


Chlorine and polyvinylchloride production



The sodium hydroxide industry



Produced among other light gases in crude oil refineries



Coal in coke oven gases



The chemical dehydrogenation processes

Hydrogen has about 2.5 times more energy per unit of mass than regular fuels
(comparing LHV at atmospheric pressure and 25°C) [College of the Desert, Palm Desert,
CA (2001)]. Its density is relatively low (about 1/50 the density of the gasoline) and this
causes a very poor energy density compared with regular fuels. However, if the hydrogen
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is a byproduct of the process and the amount is representative enough, it can be used as a
fuel as a mixture for boilers or turbines, as a pure fuel in fuel cells, among others.

Table 3.17 Solid waste Fuels Burned in Industrial Boilers
[Taken from Perry, R and Green D (1997)]
Waste
Bagasse
Furfural residue
Bark
General wood wastes
Coffee grounds
Nut hulls
Rich hulls
Corncobs
Rubber scrap
Leather
Cork scrap
Paraffin
Cellophane plastics
Polyvinyl chloride
Vinyl scrap
Sludges
Paper wastes

HHV, (kJ/kg)
8,374-11,630
11,630-13,956
9,304-11,630
10,467-18,608
11,937-15,119
16,282-18,608
12,095-15,119
18,608-19,306
26,749-45,822
27,912-45,822
27,912-30,238
39,077
27,912
40,705
40,705
4,652-27,912
13,695-18,608
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CHAPTER 4
ANALYSIS TOOLS AND METHODS

After identifying the possible energy savings opportunities, it is necessary to
analyze in a systematic and organized way all the information obtained to evaluate the
feasibility and effects of applying the previous concepts presented in this thesis. This
chapter explains and summarizes some of the most common methods and tools available
to evaluate an energy system and to find opportunities of improve the energy utilization
and cost. Some of the methods and tools that are evaluated in this chapter are: DOE
analysis tools, Process Integration, and Energy Bandwith Analysis.

4.1 DOE Analysis Tools
Chapters 2 and 3 described the typical energy problems for the Chemical Industry and
possible solutions. Now that the problems have been clearly identified, different tools are
needed to asses the performance of chemical plants. The U.S. Department of Energy,
through the Industrial Technologies Program, offers a free collection of software that
helps to identify and analyze energy system savings opportunities for an industrial plant.
These tools contain necessary performance data and default cost information for most
common equipment, materials and configurations available. The listed programs offered
in the DOE website are:
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Quick Plant Energy Profiler (Quick PEP)



AIRMaster+ Version 1.2.0 : assessment for compressed air systems



Chilled Water System Analysis Tool (CWSAT)



Combined Heat and Power Application Tool (CHP)



Fan System Assessment Tool (FSAT)



MotorMaster+: energy-efficient motor selection and management tool. Includes
catalog of over 20,000 AC motors



MotorMaster+ International: includes repair/replacement options on a broader
range of motors



NOx and Energy Assessment Tool (NxEAT)



Plant Energy Profiler for the Chemical Industry (ChemPEP Tool): provides
chemical plant managers with the information they need to identify savings and
efficiency opportunities.



Process Heating Assessment and Survey Tool (PHAST) Version 2.0



Pumping System Assessment Tool (PSAT) 2008



Steam System Tool Suite, that includes:


Steam System Scoping Tool



Steam System Assessment Tool (SSAT),



3E Plus®: calculates most economical thickness of industrial insulation



Steam Tool Specialist Qualification (Optional training)
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4.1.1 DOE Software and Applications
A brief description of each software is presented in this section. A more complete
description can be found in Appendix 2. This appendix contains descriptive documents
about the different DOE software tools.

4.1.1.1 Quick Plant Energy Profiler (Quick PEP)
This software helps plants to study their energy use and provides an overview of
the major industrial systems that consumes that energy, including a first approach of how
much energy the facility could be able to save after a further assessment. Moreover, the
software suggests what DOE Tools you could use to identify specific savings
opportunities. For example, if Quick PEP shows that the chilled water system is
consuming a large fraction of the energy, it would suggest you to use the Chilled Water
System Analysis Tool (CWSAT) or to consult a DOE Qualified Specialist in the use of
CWSAT. Figure 4.1 shows the inputs and outputs of the Quick PEP. [EERE, IAT (2006)]

Figure 4.1 Inputs and Outputs of the Quick PEP tool for an assessment
[Taken from EERE, IAT (2006)]

4.1.1.2 AIRMaster+ Version 1.2.0
Air Master+ software is used to identify compressed air system improvement
opportunities. Based on user’s data, the software simulates the actual system and some
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other alternative configurations for the supply side of the compressed air system,
evaluating the energy saving potential of applying the following actions:



Reduce air leaks



Improve end-use efficiency



Reduce system air pressure



Use unloading controls



Adjust cascading set points



Use automatic sequencer



Reduce run time



Add primary receiver volume

Using this software it is possible to calculate compressor’s life-cycle costs, electric
energy demand charges and to develop a continuous airflow and load profile. According
to the Industrial Technologies Program of the U.S. DOE, after the assessment to a typical
compressed air system using the software, the energy efficiency improvement
opportunity is usually around 20% or more. [EERE, IAT (2005)]

4.1.1.3 Chilled Water System Analysis Tool (CWSAT)
This software helps to optimize the performance of industrial chilled water systems.
The CWSAT allows the user to input the actual system data to calculate the energy
consumption and then analyze the impact of implementing different improvements. Some
of the proposed changes evaluations available in this software are:
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Change chilled water temperature.



Replace chillers (air-cooled and water-cooled systems).



Apply variable speed control to the system pumps’ motors and compressors.



Sequence chiller operation.



Change the chiller refrigerant.

The software provides energy and operational cost comparisons of the current and
modified system, using different graphs and tables that help to quantify potential cost and
energy savings after implementing various energy conservation measures. [EERE, IAT
(2005)]

4.1.1.4 Combined Heat and Power Application Tool (CHP)
The CHP Tool evaluates the feasibility of using a Combined Heat and Power system
to generate power using gas turbines, and to recover waste heat from the exhaust gases
for using it in the industrial heating systems. Similar to the previous tools, the CHP
software can simulate a new system or an existing CHP system and evaluate its
performance after different modifications. The software can be used for the following
configurations:



Fluid heating in fired heat exchangers (indirect heating).



Exhaust gas heat recovery in heaters (direct heating).



Duct burner systems (use of the turbine exhaust gases for combustion of fuels to
consume residual oxygen).
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The summary reports include detailed information of the energy input, performance
data of the turbine, and cost details of the CHP system and payback period among others.
[EERE, IAT (2005)]

4.1.1.5 Fan System Assessment Tool (FSAT)
FSAT helps the user to evaluate the fan system performance and energy savings
and economical benefits of system modifications. Moreover, the software helps to
quantify the difference in energy consumption and performance between a tested fan
configuration and the installed fan configuration, due to system effects like obstructed
inlets, degraded impellers, incorrectly sized fans or high duct velocity. Basically what
the FSAT does is to estimate the work done by the fan and compare it to the power
consumption. [EERE, IAT (2005)]

4.1.1.6 MotorMaster+ and MotorMaster+ International
The purpose of this software is to identify inefficient or oversized motors
installed, and to calculate the actual motor energy consumption and compared it to the
energy consumption if the motor is replaced by one with better energy efficiency.
MotorMaster+ can be used for inventory management, maintenance logging, lifecycle
costing, energy accounting and environmental reporting among others. Moreover, this
Software helps to evaluate if it is better to replace or to rewind a motor. Its database
includes data and of over 25,000 motors from 18 manufactures including those of
National Electrical Manufacturers Association of US (NEMA), plus about 7200 motors
included in the MotorMaster+ International including those tested under the Institute of
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Electrical and Electronic Engineers (IEEE) standard and International Electrotechnical
Commission (IEC) methodology. [EERE, IAT (2005)]

4.1.1.7 NOx and Energy Assessment Tool (NxEAT)
This software is mainly for use in chemical and petroleum refining industries.
Using NxEAT it is possible to analyze the feasibility of applying several NOx reducing
methods and energy-efficient best practices. Different methods are related to different
type of equipment (boilers, gas turbines, fired heaters and reciprocating engines). The
analysis calculates and compares the potential NOx reduction, energy savings and costs
of the different applicable methods. [[EERE, IAT (2005)]

4.1.1.8 Plant Energy Profiler for the Chemical Industry (ChemPEP Tool)
Besides generating a energy profile so the user can know how much energy each
different system consume, this software compares the energy consumption of the studied
plant with similar plants. Moreover, includes a list of available techniques to help reduce
the plant’s energy consumption. ChemPEP tool can generate maps for energy flow
throughout the plant, identify energy-intensive systems and determine potential energy
savings opportunities with reasonable payback times. According with the U.S. DOE
Industrial Technologies Program, after using this software for a plant-wide energy
assessment, it is possible to save from 10-15% [EERE, IAT (2005)].

4.1.1.9 Process Heating Assessment and Survey Tool (PHAST)
Using this tool it is possible to survey all the heating equipment in a plant,
pinpoint the equipment that uses the most energy and recommend energy savings
strategies. Furthermore, PHAST evaluates the performance of the heating equipment
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under different operational conditions. The summary report includes suggests methods
and calculations of the potential savings in each area. [EERE, IAT (2005)]

4.1.1.10 Pumping System Assessment Tool (PSAT)
PSAT has two different approaches to asses a pumping system: Pump Prescreening
and Quantifying Potential Savings. At first, the Pump Prescreening helps to identify
typical indicators of inefficient energy consumption. According to U.S. DOE Industrial
Technologies Program, some of these indicators could be:


Throttle-valve control for the system.



Cavitation or noise damage in the system.



Continuous pump operation to support batch process.



Constant number of parallel pumps supporting a process with changing demands.



Bypass or recirculation line normally open.



High system maintenance.



Systems that have undergone change in function.

After finishing the prescreening, the PSAT uses typical field data (pump head, flow
rate and motor power) to compare the power delivered to the motor with the fluid work
required by the application. The software calculates the actual efficiency of the system
and compares it with the nominal system efficiency according to the Hydraulic Institute
Standards and the MotorMaster+ database. Although the tool does not tell how to
improve the system, after these two analyses, it would be clearer what systems are
working closer two the higher achievable efficiency, and what systems require further
analysis. [EERE, IAT (2005)]
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4.1.1.11 Steam System Tool Suite
According to the U.S. DOE Industrial Technologies Program, after performing
steam system improvements, a typical industrial facility can save 20% in fuel costs. This
suite includes several software tools and the Steam System Survey Guide. This guide
explains many improvement options available for steam systems related depending on the
system configuration and characteristics. The survey focuses in five areas: steam system
profiling, steam properties, boiler operations, resource utilization and steam distribution.
[EERE, IAT (2005)] The software tools included with the suite are:

4.1.1.11.1 Steam System Scoping Tool
This software helps to identify the best energy savings opportunities and compare
the studied system against similar facilities and typical values of identified best practices.

4.1.1.11.2 Steam System Assessment Tool (SSAT)
The SSAT models the steam system and compares its performance with the system after
applying several improvements. This model analyzes “boiler efficiency, boiler
blowdown, cogeneration, steam cost, condensate recovery, heat recovery, vent steam,
insulation efficiency, alternative fuels, backpressure turbines, steam traps, steam quality
and steam leaks.

4.1.1.11.3 3E Plus®
This tool calculates the most economical thickness of insulation needed to
conserve energy without over-insulate.

79

4.1.1.11.4 Steam Tool Specialist Qualification
The U.S. DOE offers through the Industrial Technologies Program a training
course to become a qualified specialist in the use of BestPractices Steam Tools. The
program includes two days of class training and a written exam. For more information
related to this program please refer to their website:
http://www1.eere.energy.gov/industry/bestpractices/software.html

4.2 Process Integration - Pinch Analysis
“Process integration (PI) is an efficient approach that allows industries to increase
their profitability through reductions in energy, water and raw materials consumption,
reductions in greenhouse gas (GHG) emissions, and in waste generation.” [CANMET
(2003)]. Using process integration and process simulation, it is possible to systematically
analyze an industrial process and the interactions between its various parts.
Pinch analysis is one of the most widely used theories due to its simplicity and the
excellent results achieved. It has been applied and proven over time in various industry
sectors such as: the chemical; petrochemical; oil refinement; and pulp and paper sector.
This analysis is to be applied during the process design of a new plant or during the
planning of process modifications. The establishment of minimum energy consumption
targets (or water or hydrogen) enables companies to identify the maximum potential for
improvement before beginning the detailed design process.
The idea of this method is to match individual demand for a commodity with a
suitable supply, i.e. heat, in the case of energy. By maximizing this match the import of
purchased utilities is reduced. The application of the method consists of compositing the
curves of the profiles for the different processes, creating a curve for heat availability (hot
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composite curve) and other for heat demands (cold composite curve). The overlapping
area for both curves is the energy recovery potential. The minimum allowable
temperature difference, ΔT min is the minimum temperature difference that will be
accepted in a heat exchanger. The point of the composite curves where ΔT min is located is
known as the pinch point. An example of this method is shown in Figure 4.2.

Figure 4.2 Composite curves for Pinch Point Analysis [CANMET (2003)]

There is a trade-off between energy and capital costs. Normally saving energy
implies increased capital costs, especially in the case of retrofit. Some of the typical
energy savings identified through the application of pinch point analysis, and expressed
as a percentage of the total purchased fuel are: Petrochemicals 15-25%, Chemicals 1535% [CANMET (2003)]. Not all of these potential savings projected using pinch point
81

can be accomplished since—depending on the project—they can sometimes represent an
investment cost that the company is not willing to pay, or can cause potential operating
problems, like product quality and controllability, among others. However, the pinch
analysis is an important tool that can be used by the chemical industry to determine
possible energy and cost savings opportunities.

4.3 Energy Bandwidth and Exergy Analysis

4.3.1 Energy Bandwith Analysis
Energy Bandwidth Analysis is another tool that can be used by the chemical
industry to measure opportunities of energy savings in a process. Figure 4.3 shows the
different levels of energy consumption used to analyze each process.
Level 1 is the current amount of energy consumption for the process. Using the
best operational practices and best available technologies in equipment and processes, the
plant can reduce the amount of energy consumption to Level 2. Through the Research &
Development (R&D) of new technologies that improve the efficiency of the different
processes, the energy consumption can be reduced to a lower level (Level 3). When the
plant reaches this level, it is in the Practical Minimum Process Energy level. Additional
investment in R&D can reduce the bandwidth between the Practical Minimum Energy
and the Theoretical Minimum Process & Reaction Energy (Level 4). Level 4 is an Ideal
Energy Consumption Level, which can not be reached, but references how much energy
is available to save if a more efficient process is developed. The bandwidth between
Level 3 and Level 4 is due to energy losses through process irreversibilities [Ozokwelu et
al. (2006)].
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Quantifying the bandwidth between one level and the next makes it possible to
evaluate the feasibility of a retrofit project, or to know if it is worth an additional
investment in R&D. Most of the strategies discussed in this research are focused on
minimizing the bandwidth between Levels 1 and 2. This bandwidth represents energysaving opportunities using better operational practices and available technologies.

Figure 4.3 Depiction of Typical Plant Process Energy Consumption Levels and
Bandwidths [Ozokwelu et al. (2006)]

4.3.2 Exergy Analysis
According to Ozokwelu et al. (2006) “Exergy is defined as the maximum amount
of work that can be extracted from a stream as it flows toward equilibrium. This follows
the 2nd Law of Thermodynamics, which states that not all heat energy can be converted
to useful work. The portion that can be converted to useful work is referred to as exergy,
while the remainder is called non-exergy input.” For example, even if two air streams
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have similar amount of energy per unit of time, it is not the same to have a relatively
large stream of air at a few degrees over the environmental temperature, than to have a
relatively small stream of air at a high temperature. To use this energy in a heat
exchanger it is necessary to have a gradient or temperature difference between two
streams. As the gradient becomes smaller, it is more difficult to recover the energy. This
necessary temperature difference makes heat transfer an irreversible process, and this
irreversibility is an exergy loss.
The amount of energy in every process is conserved, but is converted to a
different type of energy (i.e. high pressure stream expansion). However, the recoverable
energy amount is usually reduced after every conversion, meaning, its exergy is reduced.
Figure 4.4 illustrates the difference between the amount of energy input, the used energy
and the recoverable energy. Column A shows the total energy input, Column B shows a
percentage of energy with available exergy and a non-exergy input percentage, or energy
that can not be used. From the energy with exergy content, Columns C and D show a
portion used for the process (theoretical and actual). The energy with available exergy
that it is not used for the process represents the energy that could be recovered.
Exergy analysis can be used as reference to estimate the remaining “energy
quality” after a process and help understanding of the potential for recovery. When
exergy analysis is used to perform economical analysis and feasibility of energy recovery
projects is often called Exergoconomics analysis.
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Figure 4.4 Exergy and process energy use [Ozokwelu et al. (2006)]

Using bandwidth analysis and exergy analysis together, it is possible to evaluate
the opportunities to reduce energy use or to recover energy from a process or a byproduct. Figure 4.5 shows an example of the data obtained from a process using this kind
of analysis. In this figure it is possible to observe a considerable difference between the
input energy and the recoverable energy. This difference is the energy with no exergy
that is lost in irreversibilities of the reaction or as low energy effluents.
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Figure 4.5 Cracking of Propane to produce Ethylene
[Taken from Ozokwelu et al. (2006)]
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Theoretical Minimum

CHAPTER 5
CASE STUDIES

In this chapter several case studies are examined to demonstrate the effects and
the profitability of some of the energy-related solutions and improvements explained in
this thesis. This chapter includes two chemical industry case studies. In addition, two case
studies of other industries are considered to demonstrate that some of the
recommendations presented in this thesis are in general valid for a wide variety of
industries.

5.1 Case Studies for the Chemical Industry

5.1.1 Company I. Pigments, Mississippi
According to NAICS this company is a chemical industry classified under the
category 32513 Synthetic Dyes and Pigments (see Table 1.1). This assessment was
realized by the Mississippi State University Industrial Assessment Center [MSU-IAC
(2008)]. The area under consideration consists of a 50,000 square foot facility that
contains 3,000 square feet of office space. The other 47,000 square feet are the
production area. This area mainly contains machinery for chlorination and oxidation
processes. The office space and some production areas are cooled using an electric air
conditioning unit and gas for heating.
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The recommendations suggested to the facility included: repairing leaks in the
steam system, replacing standard V-belts with cogged V-belts, repairing leaks in the
compressed air system, and insulating the steam pipes. These recommendations as well as
the implementation cost are summarized in Table 5.1. Figure 5.1 shows the percentage of
potential energy saving opportunities for each of these recommendations.

Table 5.1 Assessment Recommendations for Company I. [MSU-IAC (2008)]
AR
No.

Description

Potential
Energy
Savings
(MMBtu/yr)

Potential
Demand
Savings
(kW-mo/yr)

Potential
Cost
Savings
($/yr)

139,586

0

1,062,600

Resource
Conserved

Imp.
Cost
($)

Pay
back
(yrs)

93

Imm.

Natural
1

2

3

Repair Leaks in the
Steam System

Replace Standard
V-Belts with
Cogged V-Belts

Gas

4,617

0

48,711

Electrical

29,850

0.61

1,765

0

18,624

Electrical

367

Imm.

Insulate the Steam
Pipes

1,881

0

14,110

500

0.2

–––––

147,849

30,810

Imm.

Repair Leaks in the
Compressed Air
System

Natural
4

TOTAL

Gas
0

1,144,045

–––––

Repair Leaks
St eam Syst , 95%
Replace Belts, 3%
Repair Leaks
Comp. Air Syst.,
1%
Insulate Steam
Pipes, 1%

Figure 5.1 Potential Energy Saving opportunities for Company I
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Most of the improvements suggested in the assessment have been previously
detailed in this research. Figure 5.1 illustrates that the biggest energy saving opportunity
is in the steam system. About 140,000 MMBtu/yr can be saved simply by repairing the
leaks in this system; this represents about 2.2% of the total energy consumption for this
facility. Repairing the leaks in the compressed air system represents another 1800
MMBTU/yr. Although it would seem obvious, leaks are a frequently overlooked problem
in water, compressed air and steam systems, among others. Another recommendation
suggested in this study was to insulate or fix the damaged insulation on steam pipes. The
energy savings after insulating the pipes are very little compared to those realized after
repairing the leaks, but a simple and relatively inexpensive maintenance routine like this
one represents energy savings of 1,881MMBtu/yr. Another suggestion in this assessment
that has not been mentioned before in this research is to replace the standard V-Belts with
Cogged V-Belts, yielding considerable savings at a reasonable implementation cost. If all
the recommendations suggested were implemented, about 150MMBTU/yr could be
saved. This represents around $1,144,045 in yearly cost savings. The cost of
implementing these changes is a small fraction of the cost of the energy saved.

5.1.2 “Dow Chemical Company: Assessment Leads to Steam System Energy Savings
in a Petrochemical Plant”
The Department of Energy (DOE), through the program Save Energy Now of the
Industrial Technologies Program, assessed a Petrochemical Company in Hahnville,
Louisiana to find important opportunities to improve energy efficiency in the steam
system. They used the DOE’s Steam System Assessment Tool (SSAT), described in
Section 4.1.1.11
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After the evaluation they found several opportunities to save energy and divided
them in two categories: near-term opportunities and medium-term opportunities [EERE
(2007)]. The near term includes: implementing a steam trap repair project, improving the
steam leak management program, improving insulation, increasing condensate recovery;
while the medium term includes: installing a blowdown heat recovery exchanger,
installing a back-pressure turbine drive.

5.1.2.1 Near-term opportunities


Implement a Steam Trap Repair Project: The estimated annual savings in natural
gas and costs for repairing failed traps was estimated to be 112,128 MMBtu and
$881,000, respectively. This measure was actually applied to this installation and
resulted in annual energy savings of 109,000 MMBtu and energy cost savings of
approximately $792,000. Besides the great savings obtained with such a small
investment, the accuracy of the projection of savings estimated using the program
and the evaluation method provided by the DOE was remarkable.



Improve the Steam Leak Management Program: Due to some malfunctioning
steam meters and parasitic demand from other plants, the evaluation of the
savings was not accurate for this measure. However, they improved the program
and obtained savings due to the steam leak repairs of 163,000 MMBtu, worth
about $1.1 million. It is remarkable that the implementation of the Steam Trap
Repair Project and the Steam Leak Management Program represented an
investment of approximately $225,000. The total annual savings due to the
implementation was calculated at 272,000 MMBtu and $1.9 million. The payback
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of the program is six weeks, in addition to a reduction in waste heat and pollution
due to lower fuel consumption.


Improve insulation: Annual natural gas and cost savings of 3,030 MMBtu and
$25,000 could be achieved.



Increase Condensate Recovery: The company was using condensate recovery of
about 50%. After the analysis was found that the condensate recovery could be
increased to 75%, generating annual savings of 87,600 MMBtu and $649,000.

5.1.2.2 Medium Term Opportunities


Install a Blowdown Heat Recovery Exchanger: The purpose of boiler blowdown
is to control solids in the boiler water that can cause scaling or corrosion problems
in the boiler. When eliminating solids from the water of the boiler, some amount
of hot water is wasted. The annual savings resulting from installing a heat
exchanger upstream of the blowdown to preheat boiler make-up water, were
estimated at approximately 31,000 BTU and 200,000.



Install a Back-Pressure Turbine Drive: The site generates steam at 600 psig and
most applications require steam at only 200psig. Using a back-pressure turbine
drive to generate electricity the annual savings were calculated at 1,946 MWh and
$121,000.



Preheat Reactor Feed with low pressure steam: Additional electricity generation
would be possible using steam at 75 psig instead of 600 psig to preheat the reactor
feed. This could reduce electricity purchases in about 1,277 MWh saving $79,000
a year.
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All these near-term and medium term opportunities as well as the implementation
cost are summarized in Table 5.2. Figure 5.2 shows the percentage of potential natural
gas energy saving opportunities for each of these recommendations.

Table 5.2 Assessment Recommendations for DOW Chemical Company [EERE (2007)]
AR
No.
1

2

Description

Implement a Steam
Trap Repair Project
Improve the Steam
Leak Management
Program

Potential
Energy
Savings
(MMBtu/yr)

Potential
Demand
Savings
(kW-mo/yr)

Potential
Cost
Savings
($/yr)

109,000

–––––

792,000

163,000

–––––

1,100,000

3,030

–––––

25,000

Resource
Conserve
d

Imp.
Cost
($)

Pay
back
(yrs)

225,000

0.125

–––––

–––––

–––––

–––––

–––––

–––––

Natural
Gas

Natural
3

Improve Insulation

Gas
Natural

4

5

6

7

Total

Increase Condensate
Recovery
Install a Blowdown
Heat Recovery
Exchanger
Install a BackPressure Turbine
Drive
Preheat Reactor Feed
with low
pressure steam
–––––

87,600

–––––

649,000
Gas
Natural

31,000

–––––

200,000
Gas

6,640
–––––

121,000

Electricity

–––––

–––––

–––––

79,000

Electricity

–––––

–––––

–––––

2,966,000

–––––

(1946 MWh)
4,357
(1277 MWh)
404,627
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Improve the Steam
Leak Management
Program
41%

Implement a
Steam T rap Repair
Project
28%

Improve Insulation
1%
Increase
Condensate
Recovery
22%
Inst all a Blowdown
Heat Recovery
Exchanger,8%

Figure 5.2 Potential Natural Gas Energy Saving opportunities for Dow Chemical

5.2 Other Case Studies: Non-Chemical Industries
Recommendations for energy savings in the Chemical Industry have been
explored in this thesis. The implementation of these enhancements will reduce the energy
consumption dramatically as shown in the previous case studies. Moreover, these
improvements can be implemented in a wide variety of industries and other facilities.
Three assessments performed by the MSU-IAC from different industries are summarized
as follows.

5.2.1 Company II. Ceiling Tiles, Meridian, Mississippi
This facility has 420,000 square foot composed of two warehouses, offices and a
production area. The production area has the fabrication lines for producing ceiling tiles
and a dryer. Table 5.3 shows the assessment recommendations suggested. This
assessment calculated that adjusting the air/fuel ratio of the dryer would yield the highest
energy savings. The second recommendation in order of energy savings is to preheat the
combustion air utilized by boilers, furnaces and other equipment. This is a perfect
application for waste heat use, but this study does not specify if the energy used to
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preheat the combustion air is obtained from waste heat use or from another source. The
recommendations previously discussed in this document about insulation and leaks, are
shown as smaller energy saving opportunities. However this “smaller” savings represents
846 MMBTU/yr. If all the recommendations are implemented the total energy savings
could represent about 127,000 MMBtu/yr or 24% of the total energy usage for this
facility. The overall simple payback calculated is 1.7 months.

Table 5.3 Assessment Recommendations for Company II [MSU-IAC (2008)]
Potential
Energy
Savings
(MMBtu/yr)

Potential
Demand
Savings
(kW-mo/yr)

Potential
Cost
Savings
($/yr)

1

Improve Dryer
Efficiency by
Adjusting Air/Fuel
Ratio

84,390
(843,897 ccf/yr)

0

2

Preheat
Combustion Air to
Process Equipment

39,245
(392,446 ccf/yr)

0

3

Replace Metal
Halide Lamps with
High-Pressure
Sodium Lamps

1,482
(434,303 kWh/yr)

4

Repair Leaks in the
Compressed Air
System

690
(202,183 kWh/yr)

5

Replace Standard
V-Belts with
Cogged V-Belts

6

Insulate Oven

AR
No.

TOTAL

Description

–––––

886

0

Resource
Conserved

Imp.
Cost
($)

Pay
back
(yrs)

771,322

Natural
Gas

1,000

Imm
.

358,713

Natural
Gas

96,000

0.3

29,875

Electrical
Usage,
Electrical
Demand,
Electrical
Fees

65,823

2.2

11,591

Electrical
Usage,
Electrical
Fees

401

Imm

Electrical
Usage,
Electrical
Demand,
Electrical
Fees

6,360

Imm

108

0.8

169,962

0.14

656
(192,270 kWh/yr)

654

14,696

156
(16 ccf/yr)

0

143

126,619

1,540

1,186,340
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Natural
Gas
–––––

5.2.2 Company III, Starkville, Mississippi. Broadwoven Fabric
This facility has a total area of 330,000 square feet composed of production area
and office area. The assessment recommendations are shown in Table 5.4. In this case
the major energy saving are in the electrical area. About 3600 MMBtu/yr can be saved
replacing lamps and fixtures for more efficient systems. Repairing leaks and combustion
air preheating are smaller but still important savings opportunities. The payback in this
instance is about 1.2 years, a little longer compared to the previously studied cases.

Table 5.4 Assessment Recommendations for Company III [MSU-IAC (2008)]
AR
No.

1

2

3

4

5

TOTAL

Description
Replace Metal
Halide Lamps with
High Output T-8
Fixtures
Replace the
Standard
Fluorescent Fixtures
with T-8 Lighting
Pre-Heat
Combustion Air to
Oil Heaters
Repair Leaks in the
Compressed Air
System
Replace Standard
V-Belts with
Cogged V-Belts
–––––

Potential
Energy
Savings
(MMBtu/yr)
2,624
(769,100 kWh/yr)

Potential
Demand
Savings
(kW-mo/yr)

Potential
Cost
Savings
($/yr)

Resource
Conserved
Electrical
Usage,
Electrical
Demand
Electrical
Usage,
Electrical
Demand

Imp.
Cost
($)

Pay
back
(yrs)

39,390

0.9

53,432

3.0

1,056

43,579

514

18,097

–––––

17,689

Gas Usage

11,700

0.7

592
(173,496 kWh/yr)

–––––

7,339

Electrical
Usage

391

Imm.

253
(74,195 kWh/yr)

255

5,805

Electrical
Usage,
Electrical
Demand

2,170

0.4

6,326

1,825

92,509

–––––

107,083

1.2

1,022
(299,501 kWh/yr)

1,835
(18,345 ccf/yr)

5.2.3 Company IV, Sherman, Mississippi. Furniture
This facility consists of an office area and a production area, for a total of 311,000
square feet. The temperature controlled areas use pad-mounted units and forced
convection heaters. Table 5.5 shows the recommendations suggested for this facility.
Again, the biggest energy savings opportunities are in the update of the lamps and
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fixtures. However, several strategies explained in Section 3.1.3 (Compressed air systems)
are followed in this assessment. Repairing air leaks, recovering air compressor waste heat
and using outside air for compressor intakes can yield energy savings of about
200MMBtu/yr. This represents about 1.8 of the total energy consumption of the facility
and the payback period for implementing these repairs is less than a year.

Table 5.5

AR
No.

Assessment Recommendations for Company IV [MSU-IAC (2008)]

Description

1

Replace Metal
Halide Lamps
with High
Output T-8
Fixtures

2

Replace Energy
Efficient T-12
Fixtures with
T-8 Fixtures

3

4

5

6

7

Shut Off Pilot
Lights During
Non-Heating
Months
Repair Leaks in
the Compressed
Air System
Add Dedicated
Compressor to
R&D Area
Install Strip
Doors to
Reduce Space
Conditioning
Recover Air
Compressor
Waste Heat

8

Replace
Standard VBelts with
Cogged V-Belts

9

Use Outside Air
for Compressor
Intakes

TOTAL

–––––

Potential
Energy
Savings
(MMBtu/yr)
507
(148,482 kWh/yr)

Potential
Demand
Savings
(kWmo/yr)

Potential
Cost
Savings
($/yr)

Resource
Conserved
Electrical
Usage,
Electrical
Demand,
Electrical Fees
Electrical
Usage,
Electrical
Demand,
Electrical Fees

Imp.
Cost
($)

Pay
back
(yrs)

26,573

1.5

32,852

4.2

142

Imm.

259

Imm.

3,154

1.9

656

0.5

0

Imm.

713

17,650

226
(66,369 kWh/yr)

318

7,880

165
(1,653 ccf/yr)

0

2,636

123
(36,059 kWh/yr)

0

1,936

107
(31,344 kWh/yr)

0

1,683

79
(23,211 kWh/yr)

0

1,247

Electrical
Usage,
Electrical Fees

73
(734 ccf/yr)

0

1,170

Natural Gas

1,070

Electrical
Usage,
Electrical
Demand,
Electrical Fees

2,463

2.3

635

1.2

66,734

1.8

27
(7,787 kWh/yr)

48

Natural Gas
Electrical
Usage,
Electrical Fees
Electrical
Usage,
Electrical Fees

7
(2,100 kWh/yr)

31

533

Electrical
Usage,
Electrical
Demand,
Electrical Fees

1,314

1,110

35,805

–––––
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CHAPTER 6
CONCLUSIONS

The energy consumption in the chemical industry was studied and analyzed in this
thesis. Although enormous efforts have been focused to improve the efficiency of the
energy use, great opportunities to reduce energy consumption still exist in the chemical
industry. The variety of solutions includes everything from simple maintenance activities
to optimization and retrofit of equipment. It has been determined that some of the critical
systems that mostly affect the energy consumption in the chemical industry are: steam
systems, compressed air systems, and pump systems.
From the chemical industry energy footprint it was concluded that less than half
of the energy supplied is used in processes, while the remaining part is lost in energy
generation, distribution and conversion. Losses in utilities energy generation and
transmission represent the highest fraction of energy lost. On-site energy generation and
waste heat recovery were proposed as alternatives to traditional energy generation
systems to reduce these losses. CCHP systems combine on-site energy generation and
waste recovery, reaching efficiencies in energy use up to 85% depending on the system
configuration. On the other hand, ORC can be used to recover waste heat from sources
under 370°C, utilizing low to medium grade waste heat that would be otherwise
discarded to the atmosphere.
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Maintenance and system optimization of steam systems, pump systems, and compressed
air systems were studied. Defective or improper insulation, leaking, and fouling were
presented as the most common problems found in these systems in the chemical industry.
In addition, it was determined that boiler calibration, system balance and steam traps
maintenance, have a very important effect over steam systems efficiency. Boiler
calibration guarantees an appropriate mixture for maximum fuel efficiency. Steam system
balance controls the amount and the pressure of the steam produced; reducing the steam
waste and condensation, improving the energy efficiency and increasing the life of the
equipment. Steam traps are usually overlooked, and they could dramatically impact the
steam consumption and the proper operation of the system. On the other hand, the main
factors that cause energy consumption in pump systems included: incorrect pump
selection, operation out of the optimal range, inappropriate maintenance and
inappropriate system configuration. Measurement of basic variables is recommended to
evaluate pump system performance. After a pumping system is modified it should be revisited to verify if it is operating at optimal operational conditions. Usually in shrinking
pump systems, pumps are oversized for the new system configuration. This last issue is
usually unnoticed in the chemical industry. Variable frequency drives are proposed as an
option for oversized pumps and to give a better control over the process, thus reducing
the energy consumption and mechanical stresses on the system. Compressed air systems
efficiency is mainly affected by leaks and inappropriate production usage. Adequate
compressed air storage and pressure controls avoid energy peaks and excessive
compressor operation.
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The effect of insulation under different conditions was presented. It was shown that some
of the factors that play a very important role in the optimal operation of a steam system or
any other heat transfer equipment are: the type of insulation and jacketing, the thickness
of the materials and wind speed, among others. Fouling is another important issue present
in the Chemical Industry.

Fouling depends on several factors such the operation

temperature of the system, the fluid velocity and the material of the tube of the plate. The
effect of fouling over the heat transfer coefficient and pressure drop in the steam systems
was studied. Several recommendations were listed to help avoiding fouling in the
chemical industry. Water treatment and sootblowing were some of the recommendations
provided to avoid fouling in cooling towers and furnaces.
Several methods to help in assessing the energy consumption and energy recovery
were also explored in this thesis. The evaluated tools included: US DOE software tools,
pinch analysis, and energy and exergy bandwith analysis. The DOE software tools have
been proved to be excellent assessment tools for energy savings opportunities.. The
energy savings identified in chemical industry through the pinch analysis tool are
typically about 15-35% of total purchased fuel. However, not all of these potential
savings projected can be accomplished since some of them can represent large investment
costs or can cause potential operating problems. The use of energy and exergy bandwith
analysis can be used to measure the potential opportunities of energy savings for a
particular process.
Several case studies effectively implemented the different recommendations and
tools discussed in this thesis. The assessment performed to a Pigments company showed
that 147,849 MMBTU/yr could be saved by implementing the recommended
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improvements with a payback of less than a month. The study realized in Dow Chemical
Company had even more impressive results. Only by repairing the steam traps and leaks
they saved 272,000 MMBTU/yr with an investment payback of less than 2 months. Case
studies of other non-chemical industries considered in this thesis showed that several of
the recommendations and methods presented in this thesis are valid for a wide variety of
industries, depending on the equipment they have or the nature of their processes.
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